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Overview
During the last decade, multi-messenger astronomy has become increasingly relevant for
the astrophysical community. In this context the discovery of PeV neutrinos by IceCube in
2012, in clear excess to the expected atmospheric flux at very-high energy (& 100 TeV),
marked the beginning of the high-energy neutrino astrophysics era. Differently from
photons, neutrinos can carry information about the core of the astrophysical objects
that produce them, giving us a better understanding of the internal composition of their
sources. Moreover neutrinos are generally associated with hadronic interactions in their
sources, so the detection of high-energy neutrinos can unravel the origin of the cosmic
rays and ultra-high energy cosmic rays. The origin of these neutrinos is still an open
issue. Their weak interaction makes it difficult to accumulate enough statistical evidence
to uniquely identify their sources. Even with a km3 detector, the number of expected
astrophysical neutrino rate is not larger than ∼ 10 events per year. At present, the IceCube
detector, with a volume of 1 kilometer cube, detected ∼ 80 neutrinos above 60 TeV since
2010. Waiting to accumulate enough events, several source classes have been considered
as possible cosmic-rays accelerators and then high-energy neutrino emitters.
The quasi isotropic distribution of these events in the sky allows one to reject the
hypothesis of an exclusively galactic nature of these neutrinos. Indeed, some analyses
suggested two components, a galactic one at low energy (< 100 TeV) and an extragalactic
one at higher energies. Among the possible extragalactic neutrino sources, Blazars start to
stand out.
Blazars are associated to active galactic nuclei hosting a relativistic jet oriented close
to our line of sight. The presence of jets and the strong non-thermal emission up to the
TeV band makes them natural accelerators of particles. A characteristic of these objects
is the variability of the emission at all frequencies. This gives information about the
physical processes of the jet and the relation between different energy emission. The
physical interpretation of their spectral energy distribution (SED), characterized by a peak
at low energy (peaking in the optical-UV band) and a peak at high energy (in the γ-ray
band), is still under debate. In fact, while the low energy emission is well described by the
synchrotron emission of the relativistic leptons inside the jet, the high energy peak can be
vi
described with hadronic or leptonic models. In September 2017 the spatial coincidence
between a neutrino event detected by IceCube, with a good angular resolution, and a
blazar, TXS 0506+056, was observed for the first time. This event is even more intriguing
because of the high-state emission in γ-ray band of this blazar. Since then, the whole
astroparticle community started to investigate these kind of objects as neutrino emitters. A
multiwavelength campaign and several theoretical interpretation models were developed
in the last year for the potential neutrino counterpart TXS0506+056.
During the three years of my PhD, I focused my attention on the study of blazar objects
as neutrino emitters. In this thesis all my work on this topic is presented.
Chapter 1 describes the mechanisms of high-energy neutrino production and the
main characteristics of detection, presenting IceCube telescope.
Chapter 2 presents the main source candidates in which neutrino emission can occur.
In this set of astrophysical classes we focus on active galactic nuclei (AGN) and in particular
on Blazars, describing the geometry and the radiation emission models (Chapter 3).
Chapter 4 shows the link between neutrino production and Blazars. We present
the main SED interpretation models that describe both electromagnetic and neutrino
emission. We describe in detail the channel to produce neutrinos in jets and then we
show simple results for this phenomenon. Finally, in the last Chapters I focus on my main
contributions to the neutrino emission modelling and observations. In particular Chapter
5 shows the spine-layer scenario, a model of a structured jet that allows to consider Blazars
as main neutrino emitters. Here comes my first contribution on the correlation between
γ-ray emission and neutrino emission from Blazar.
Chapter 6 focuses on the study of a sample of BL Lac objects (a subclass of Blazars)
detected above 50 GeV by the γ-ray Fermi satellite whose position in the sky is consistent
with events recorded by IceCube. For this sample of sources we performed an observa-
tional optical and X-ray campaign and we built the SED and light-curve to search similar
features between the different BL Lac candidates and TXS0506+056 source.
Given the lack of a clear detection of neutrinos from the brightest γ-ray BL Lac (as
Markarian 421 or Markarian 501) after ∼ 8 years of acquisition by IceCube, together with
the unexpected nature of TXS0506+056 as neutrino source, we proposed an alternative
scenario in Chapter 7. Our hypothesis stands on a "new" photon populations as target to
trigger the pγ interaction, in particular the photons involved in the neutrino production
come from the accretion flow.
We dedicate Chapter 8 to discuss the main results of the thesis and the new prospects
in this new field of astrophysics.
Table of contents

Chapter 1
Astrophysical Neutrinos
Of all particles, neutrinos are ideal astronomical messengers because of their weak propen-
sity to interact with matter and their charge neutrality, which allow them to travel through
the space without deflection. Differently from photons, neutrinos can carry information
about the core of the astrophysical objects that produce them giving us a better under-
standing of the internal composition of their source (e.g. the case of solar neutrinos).
Moreover they do not suffer absorption, unlike the case of γ-rays, which interact with the
Cosmic Microwave Background (CMB) and Extragalactic Background Light (EBL), during
their cosmic propagation. Neutrinos are generally associated with hadronic interactions
in their sources, so the detection of high-energy neutrinos can unravel the nature of
the cosmic rays. High-energy neutrinos are produced in sources where cosmic rays are
accelerated, and their ability to travel without deflection by magnetic field makes them
the perfect tracers of cosmic-rays sources. Unfortunately, their weak interaction makes
difficult to detect them and then to identify their sources. Neutrinos are revealed when
some secondary particle or radiation is produced in their (weak) interaction with some
target. A neutrino event is defined by the observation of the charged lepton associated to
the specific type of neutrinos by charged current (CC) interactions, or the hadronic (or
nuclear) transformation caused by neutral current (NC) interactions.
Fig. ?? shows different astrophysical neutrino components. During this thesis we will
focus on the high-energy neutrino, above 100 GeV. To observe these kind of neutrinos, in
1960 Markov proposed to set up apparatus in an underground lake or deep in the ocean in
order to separate charged particle directions by Cherenkov radiation. Following this sugges-
tion, at present, three high-energy neutrino detectors are currently in operation and one
under construction: Baikal, ANTARES, IceCube and Km3NeT. With this detectors, a large
volume of deep natural water (or ice), instrumented with light sensors, was transformed
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into a Cherenkov detector that collects the light emitted by high energy particles produced
after the interaction of neutrinos with matter.
In this chapter we provide a brief summary of the main characteristics of high-energy
neutrino and its detectors.
1.1 Neutrino production
Cosmic rays (CR) have been studied for more than a century. We detected them up to
ultra-high energies (107 TeV) but, due to the scrambling induced by cosmic magnetic field,
we still do not know their sources and the acceleration mechanism. CRs can collide with a
target producing unstable mesons, that decay giving neutrinos and gamma rays1. The two
most plausible neutrino production mechanisms are the collision between accelerated
protons and target protons (pp interaction) and the interaction between accelerated
protons and target photons (pγ). Depending on the environment, one mechanism can be
dominant with respect to the other (see ?).
1.1.1 pp vs. pγ mechanism
The interaction of an accelerated CR with gas or radiation produces pions that subse-
quently decay into neutrinos and gamma-rays. To study the relation between neutrino
energy Eν, gamma-rays energy Eγ, and the energy of cosmic rays Ep , it is necessary to
focus on the pion decay and then on the difference between pp and pγ interaction.
π channel
The main decay channels of charged pions are:
π+→µ+νµ→ e
+ν¯µνµνe ;
π−→µν¯µ→ e
−ν¯µνµν¯e
while the neutral pion decays in:
π0 → γ+γ.
we refer to these photons as pionic photons to distinguish them from others. Each
neutrino from pion decay takes, an average, 1/4 of the pion’s energy (see ? for a complete
handling).
1Even if cosmic rays are composed by atomic nuclei and protons, we will refer frequently to CR as
“proton".
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Fig. 1.1 Flux of various neutrino components at the surface of the Earth. The line that
refers to cosmological neutrinos (e.g. relic of Big Bang) assumes that the neutrino mass
is vanishing. The line that refers to Supernova neutrinos describes only νe . Different
neutrino species have similar spectra, with differences difficult to appreciate in the figure.
The line that describes geophysical neutrinos includes the 238U and 232Th decay chains
(the flux weakly depends on geographical location). The atmospheric neutrino fluxes are
calculated for the Kamioka location. Only the lowest energy part depends on the location.
A range of prediction for the flux of astropysical neutrinos is shown. A more detailed
atmospherical and astrophysical components are shown in fig. ??. Credits: ?.
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pγ channel
This interaction is considered the main channel of pion production inside the relativistic
jet of active galactic nuclei (see Sec.?? for other details). However other alternative scenar-
ios are presented. In fact the neutrino production inside the jets could happen through
the pp channel, when relativistic protons accelerated inside the jet interact with gas of
clouds or stars that pass through the jet itself (see e.g. ?, ? for details). In the following a
schematic selection of the main characteristics of this channel:
Energy threshold: The threshold for the p+γ→N +π reaction2, could be found from
kinematics considerations. Introducing the proton and photon four momenta, Pp =
(Ep ,
−→
pp ), Pγ = (ε,
−→
pγ), and transforming to the center-of-mass frame, we could write an
expression for the absolute value of the total four-momentum before and after the reaction.
Before the reaction the invariant total momentum squared in the lab frame is:
s = (Pp +Pγ)
2
=m2p +2Epε(1−βcosθ)
while after the reaction (in the center of mass frame)
s = (PN +Pπ)
2
=m2N +2mN mπ+m
2
π
Note that the expression is in the center-of mass frame and both nucleon and pion are at
rest after the reaction. Equating the two expressions for the conserved s and assuming
cosθ =−1 (assuming head-on collision), we find the condition for the possibility of the
pion production
Ep,th =
mN mπ(1+mπ/2mN )
2ε
≃ 1017
[ ε
1eV
]−1
eV (1.1)
Cross section: The cross section of the channel pγ is composed by different contribu-
tions. The mechanism can produce the baryon ∆+ that decays into π+n (1/3 of cases) or
π0p (2/3 of cases). This channel result into a broad resonance which is the main contribu-
tion to the cross section close to the energy threshold (∼ 150 MeV). Anther contribution at
these energies is the direct production of pions that contribute nearly 30% to the total σpγ
from ∼ 250 MeV to ∼ 1GeV. There are also the multi-pions productions and the diffraction
that give contributions at high-energies (≥ 1GeV).
2With N ,π equal to p,π0 or n,π+ respectively.
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Fig. 1.2 Cross section of pγ channel. Thick lines shown the two step-function approxima-
tions used in analytic expression. Credits: ?.
Figure ?? show the total inelastic photomeson production cross section for the pγ
channel as a function of the photon’s energy in the proton rest frame. ? derive an ana-
lytic expression for the total and secondary production cross section approximating the
photopion process as the sum of two channels. In this approximation, the low-energy
step function takes into account the ∆ resonance and the direct single-pion production
(thick lines between 200−500 MeV in figure ??). Here the cross section is approximated
with σpγ = 3.4×10−28cm−2 and the inelasticity factor Kpγ = 0.23. At high-energies (> 500
MeV) the other two components are dominant and the cross section is approximated to
σpγ = 1.2×10−28cm−2, while Kpγ = 0.6.
A more detailed scenario is discussed in ? and ?.
Energy relations: the average energy for each neutrino turns out to be about the 5% of
the primary proton’s energy.
Ep ≃ 20Eν
3In an inelastic collision the proton loses, on average, a fraction Kpγ of its original energy, hence Kpγ is
the inelasticity of the collision.
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Fig. 1.3 The energy spectra of stable products of photomeson interactions of a proton of
energy Ep = 1020 eV with the 2.7 K cosmic microwave background radiation. Left panel:
gamma-rays, electrons, and positrons. right panel: electron and muon neutrinos and
antineutrinos. Credits: ?.
The factor 20 comes from simple considerations. In fact, it is simply related to the fact that,
on average, the pion takes 1/5 of the proton energy and each one of the four final particles
earns the same energy. The resulting stable particles from the pγ reactions obtain 1/20
of the energy of the relativistic proton. Fig. ?? supports the previous considerations. It
show the energy spectra of γ-rays and electrons (left panels) and all neutrino types (right
panels) produced by protons of energy 1020 eV interacting with blackbody radiation of
temperature T = 2.7 K. The results depend only on the product Ep ×T , therefore they can
be easily rescaled to a blackbody radiation of an arbitrary temperature. The e+,e− and
ν spectra peak at ∼ 0.05 of the proton energy. The γ-ray spectrum peaks at ∼ 0.1 of the
proton energy because of γ-rays come from the π0 decay, and the pion energy is to be
shared only by two particles (the two γ-rays) (see ?).
Neutrino Spectrum: the spectrum of neutrinos produced by pγ interaction is not de-
pendent only on the spectrum of the primary protons. Because of the threshold in this
kind of process, eq. ??, the spectrum of photon target is relevant for the calculation of
neutrino spectra. We will show, in fact, that the factor photomeson production efficiency
fpγ (see Section ?? for details) is dependent on the target photon density through an
integral in which the lower limit is the energy threshold that depends on the proton energy
(for more details see ? and ?).
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pp channel
In pp interaction mostly pions are created, with a smaller contribution of kaons (for more
details see pp.278 ?, ? and ?).
Energy threshold: From analogue kinematic considerations to those of the previous
section, the energy threshold of this channel is
Ep,th =mp
(
1+
m2p +4mπmp
2m2p
)
; (1.2)
which corresponds to a proton kinetic energy of:
Eki n = Ep,th −mp ≃ 290MeV
Cross section: The cross-section of this reaction is also determined by the strong inter-
action and it is close to the geometrical cross-section of the proton, σpp ≃ 4×10−26 cm,
depending on (growing with) the proton energy.
Energy relations: Similarly to the pγ channel, the average energy for each neutrino
turns out to be about the 5% of the primary proton’s energy.
Ep ≃ 20Eν
Neutrino Spectrum: The shape of the neutrino spectra is, generally, the same of the
accelerated protons spectrum (?).
1.2 Detecting High-Energy Neutrinos
Once produced, neutrinos do not take part in further interactions. Due to their cross-
section (see fig. ??), they substantially pass through the extragalactic background light
(EBL) without interact. However, the flavor composition of the neutrinos that arrive at
the Earth is not equal to the flavor composition at the emission because of the effects
of flavor oscillations. The neutrino flavor composition at the source is approximately
{νe : νµ : ντ} ≈ {1 : 2 : 0}, but the composition arriving at the detector is expected to be
approximately an equal mix of νe , νµ and ντ, {1 : 1 : 1} (?).
High-energy neutrinos interact predominantly with matter via deep inelastic scattering
off nucleons. The neutrino-quark scattering happens through the exchange of a boson
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(W ± or Z 0). We referred to charged current (CC) if the interaction happens through the
W ±, while the exchange of a Z 0 leads the so called neutral current (NC) interaction (?).
1.2.1 Neutral current
The NC interaction leaves the neutrino state intact and the neutrino transfers a fraction
of its energy to a nuclear target. The struck nucleus does not remain intact and its high-
energy fragments typically initiate hadronic showers in the target medium. All neutrinos
show the same behaviour interacting via NC; therefore with this process it is not possible
to distinguish the flavor of the incoming neutrino. The average deposited energy in NC
interactions is about 1/4 of the primary neutrino’s energy, whereas the other part of the
energy is carried away by the outgoing neutrino and it is not detectable. The cross section
σNC of the interaction is shown in Fig.??. The neutrino-nucleon interaction is always
higher than the anti-neutrino-nucleon one. The separation between the two channel is
higher at lower energies (for more details see ? or ?).
1.2.2 Charged current
In a CC interaction a charged lepton that shares the neutrino flavor is produced. The
average energy fraction transferred from the incoming neutrino to the charged lepton (e−,
µ− or τ−) is at level of 80% (about 3/4 of the ν energy) at these energies. The inelastic CC
cross section on protons is at the level of 10−33 cm2 at a neutrino energy of 103 TeV and it
grows with the neutrino energy (see Fig.??, blue solid and dashed lines) (?, ?).
Once generated, the three leptons have different behaviours:
Electron: High-energy electrons lose most of their energy by radiation. During their
path (few meters), most of the energy is spent in the production of electromagnetic shower
and only a small fraction is dissipated (transferred to the nuclear targets and released as
hadronic shower).
Muon: High-energy muons can travel for some kilometers producing a so-called track.
The average muon energy-loss rate can be describes as:
−
dEµ
d X
=α+βEµ (1.3)
where the coefficient α represents the ionization losses while βEµ is the radiative term. X
is defined as X ≡ ρ(s)d s, where ρ is the Earth density (in g cm−3) and depends on the path
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inside the Earth s, and d s is the length between the detector and the place of interaction
νN (see Figure ??). Both coefficients α and β depend on the energy; at TeV-PeV range they
are respectively equal to ≃ 2 ·10−3 GeV cm2 g−1 and ≃ 5 ·10−6 cm2 g−1. From equation ??
we can derive the muon energy after propagation on X (in g/cm2):
Eµ,a f ter = (Eµ+
α
β
)e−βX −
α
β
In the same way we can derive the amount of matter needed to obtain Eµ,a f ter = 0:
X (Eµ,a f ter ,Eµ)=
1
β
ln
Eµ+α/β
Eµ,a f ter +α/β
A muon with energy of Eµ ∼ 106 GeV loses all its energy in a range of ≈ 20 km (?).
Tau: The behaviour of a τ at high-energy is similar to e−. Before decaying the tau travels
for ≃ 50 m, and the losses are due to electromagnetic showers and hadronic showers due
to dissipation with nucleons. A characteristic of a ντ event is the possibility to observe
both the cascade due to the (anti)neutrino-nucleon interaction, and after few meters
the tau decay cascade. This process is called "double bang". Furthermore the τ decay
produces neutrinos, that carry away part of the energy (about 20% of the τ energy is not
detectable (see ?, ?, ? for details).
1.3 The neutrino telescopes
One particularly effective method to detect neutrinos is to observe the radiation of the
hadronic cascade and the Cherenkov radiation given off by secondary charged particles
produced in CC and NC interactions that travel faster then the speed of light in the medium
(?).
The modern high-energy neutrinos detectors consist of strings of photo-multiplier
tubes (PMT) distributed inside a transparent medium (water or ice). Since kilometer-scale
detector is required, the PMT are located in natural Cherenkov media such as the water of
a lake or a sea, or ice. At present there are three neutrino detectors operating in the world
and one under construction:
• IceCube: located at the South Pole (detail in the next section) (?);
• ANTARES: located in the Mediteranean Sea, with a volume of 0.03 Km3 (?);
• Baikal: a 1.5 Km3 detector condutiong research in Lake Baikal (Russia) (?);
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Fig. 1.4 Cross section for νN (solid lines) and ν¯N (dashed lines) interactions. For both
interactions the charged current (blue lines) and neutral current (orange lines) interactions
are shown.
• Km3NeT: a new telescope under construction in the Mediterranean Sea that will
have a volume of about 1 km3. There are two different projects in construction:
ARCA telescope, focuses on the high-energy neutrinos, and ORCA designed to study
neutrino properties exploiting neutrinos generated in the Earth’s atmosphere (?).
1.3.1 Why big telescopes?
The expected number of neutrino events depends upon the flux of high energy neutrinos
Fν, the number of target N and the cross section of deep inelastic scatteringσ. Considering
?, the upper bound of the high energy neutrino flux (all flavor) was expected to be order of:
dφ
dE
≃ 5×10−8
1
GeV cm2 sec sr
(
E
1 GeV
)−2
Therefore, the flux in T = 1 year4 is obtained by the following integral:
Fν ≃
∫Emax
Emin
4π×
dφ
dE
×T dE
4Note that 1 years ≃π×107 s.
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Fig. 1.5 Cartoon of IceCube detector. Credits: IceCube collaboration.
If we consider Emin = 100 TeV and Emax =∞, the flux is equal to Fν ≃ 2×10−4 ν/cm2 year.
The cross section of deep inelastic scattering at 100 TeV is order of σ ≈ 10−34 cm2 (see
figure ??, then the the number of target is given by
N (V )=
ρV
mN
= 6×1038
V
km3
where ρ is the density of the detector’s target that we assume ρ = 1 g cm−3 that is exact
for water and it is a good approximation for ice. mN is the nucleon mass and it is equal to
∼ 1/6×10−23g . V is the volume of the detector and it is our free parameter. Therefore the
expected number of events above 100 TeV per year is expected to be:
F ×σ×N (V )≃ 10
events
years
V
km3
This is a rough and optimistic calculation (let us remember that we are using an upper
bound on the high energy neutrinos flux). It is useful to have an idea of the volume
required to observe high energy neutrinos.
This show that 1 km3 is required to have at least few event per year.
1.3.2 IceCube
The IceCube detector (?) is located 1450 m below the geographic South Pole. It is a cubic
kilometer of ice instrumented with 5160 digital optical modules (DOMs). Each DOM
consists of a glass sphere containing PMT arranged along 86 strings (see Fig.??). Each
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string is buried into the ice using hot water drills. Construction began in 2005, when the
first IceCube string was deployed and collected enough data to verify that the optical
sensors worked correctly.
The majority of the strings are located at 125 m of distance each other covering 1
km2 on the surface. For each string, DOMs are attached every 17m. These distances
are selected, through MonteCarlo simulations, in order to maximise the efficiency of
the instrument. The parameters that fix these distances are, among others, the path of
the leptons that produce Cherenkov light into the detector and the transparency of the
material of the detector (water, or ice in this case).
At the surface IceCube is equipped with an array of 160 ice filled tanks (named IceTop)
each one instrumented with two DOMs, that detect extensive atmospheric air showers
induced by cosmic rays. The purpose of IceTop is to detect cosmic-ray air showers,
with a threshold of about 300 TeV. This is useful in order to study the cosmic-ray flux
and composition, but also as veto for the underground detector in order to reduce the
background.
Atmospheric neutrinos are, in fact, the main source of background for the main target
of IceCube, the study of astrophysical neutrinos. However, atmospheric neutrinos are a
potential signal for other physics items, like the study of neutrino oscillations. In order to
study also atmospheric neutrinos properties the detector was more densely instrumented
towards its bottom using more efficient detector geometry for energies < 100 GeV. The
sub-array is indicated in Fig.?? DeepCore. DeepCore is composed by 6 strings with a
distance of 72 m each other and the DOMs attached every 50 m (?).
The present configuration of the telescope was concluded on December 18, 2010.
However, during the construction period, the strings already lowered into the Antarctic
ice allowed publication of physics results for intermediate detector configurations (IC22
with 22 strings, IC40 with 40 strings and, etc. until IC86).
Neutrino Signature
Reconstruction of events depends on accurate timing (< 3 ns) and on the ability to measure
the amount of Cherenkov light generated along the tracks of charged particles produced
by the neutrino interactions. Basically, the arrival time of photons at the DOMs determines
the trajectory and the amount of light determines the deposited energy. According to the
flavour of the incoming neutrino and of the interaction, there are different categories of
events inside the detector.
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Fig. 1.6 IceCube HESE events. The grey string corresponds to the detector. Color and size
of sphere corresponds to the arrival time (from red to green) and to the released energy
(big sphere correspond to high energy) respectively. From left to right: Cascade, Muon
track and simulation of a double bang (tau neutrino) event.
HESE: The high-energy neutrinos interacting inside the detector generate the so-called
high-energy starting event (HESE) (?). This kind of event can be generated from any
neutrino (νe ,νµ,ντ). While νµ neutrinos can interact via CC channel inside the detector
but the corresponding muon can escape generating a track, the other case of HESE events
have the advantage that most of the neutrino energy remains inside the detector and
this allows us to measure it with a 10−15% resolution. In particular this class of events
allows to measure the hadronic cascade from NC interaction, the electromagnetic and
hadronic cascades from νe,µN CC interaction and the so-called double bang from ντN
CC interaction. Note that in case of νµN CC interaction part of the energy is loss because
of the long path of the generated muon. However the track generated by the muon allows
us to have a better reconstructed direction of the incoming neutrino. Also the only way
to recognise a ντ is to observe the double vertex of interaction into the detector. Since
high-energy (> 100 TeV) tau neutrino production in the Earth’s atmosphere is negligible, a
tau neutrino detection would confirm the astrophysical origin of the observed neutrino
signal and would help improve the precise measurement of astrophysical neutrino flavor
ratios. At present IceCube Collaboration presented two tau neutrino candidate events
identified in dedicated search (contributions at Neutrino Conference in Heidelberg, 2018).
Fig.?? shows the three event classes forming part of HESE events. The colors represent
the arrival time of the Cherenkov radiation (from red to green). The dimension of the
spheres represents the deposited energy to the DOMs (larger dimension = more quantity
of radiation observed by PMTs). On the left a typical cascade (that can be generated by
NC interaction or νe N CC event) is shown. In the middle, a muon track with the vertex of
the interaction contained in the detector visible. The right image shows a simulation of a
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double bang events. The two vertex, one coincident with the ντ interaction and the other
with the τ decay, are visible.
Throughgoing muons: Traditionally, neutrino searches focused on the observation of
muon neutrinos that interact primarily outside the detector to produce kilometer-long
muon tracks passing through the detector. The advantage of these events is that the
effective volume of interaction for the νµ is higher than the HESE events. There are two
conditions to have this kind of event:
• the interaction vertex should happen close enough to the detector, so that the muon
arrives in the detector with sufficient energy to be seen;
• the muon should arrive from the region under the detector, namely, the region
where the atmospheric muon background is rare or absent; in fact, the flux of
atmospheric muons crossing the detector exceeds by several order of magnitude
the flux of muons originated by cosmic and atmospheric neutrinos.
The muon tracks above ∼ 100 TeV, are characterised by good reconstructed direction, with
uncertainty around 1◦ on ice, that it can be less in water. The main limiting factor in the
ice to improve the angular resolution is the scattering of the light by air trapped in the ice.
The consequence is that up-going muon events are used for identification of the source
(?).
Effective Area
The expected number of events per unit of time, d N , depends on the neutrino flux of the
source dφ(Eν), and the effective area of the instrument Ae f f (Eν,Ω, l ). The effective area
depends on the neutrino energy Eν, on the direction of the incoming neutrinoΩ and the
neutrino flavor l = e,ν,τ. Each Collaboration releases a mean effective area calculated
using Montecarlo simulations. However, it is possible to give an estimate of the effective
area considering the following simplified analytical expression:
Ae f f (Eν,Ω, l )≈ e
−τ(Ω,Eν,l )Nnσ(Eν, l )ε(Eν) (1.4)
where
• τ takes into consideration the neutrino flux attenuation and depends on the path
s inside the Earth of the neutrino (and so it depends on the zenith angle Θ); it
corresponds to:
τ(Ω,Eν, l )=
∫s(Ω)
0
ρ(s′)
mp
σ(Eν, l )d s
′ (1.5)
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Fig. 1.7 Effective area for different kind of events in IceCube. Left panel: 2-year effective
area of HESE event for combined fully and partially contained cascades (?); Right panel:
Effective area of the complete IC86 for νµ point sources (?). Different declinations δ on the
sky are plotted separately. The effect of the opacity is visible for δ> 30◦ and E > 100 TeV.
• The number of target nucleons Nn is given by A
ρ(s)
mp
d s, where mp is the mass of
proton, A is the detector projected area (which in principle depends on the zenith
angle) that we approximate to ≃ 1km2. ρ is the Earth density (in g cm−3) and
depends on the path inside the Earth s and d s is the length between the detector
and the place of interaction νN . Finally s and d s depends both fromΩ. Figure ??
shows a cartoon of the incoming neutrino passing through the Earth and interacting
a distance d s outside the detector.
• ε(Eν)6 1 is the efficiency of the detector. it takes into account the effective volume
of the detector and the sensitivity of the instrument and the cuts applied during the
analysis of the event.
Fig. ?? shows the effective area of IceCube detector for different neutrino events. In the
left panel the all sky 2-year effective area of HESE events for different neutrino flavours
(e: black line, µ: light blue line, τ: green line) is shown (?). The νµ cascade effective area
is lower than the electronic and "tauonic" one because of selection criteria used in the
analysis (see ? and ? for more details). ?, in fact, reports that "the effective areas for νe and
ντ are higher than for νµ as this analysis was optimized for cascades and removed muon
tracks". The right panel, instead, shows the tracks effective area at different declination
source bins (?). In this plot the contribute of the IceTop veto is clearly visible for the low
declination angles (−90◦ < δ<−60◦ and −60◦ < δ<−30◦) at low energies. The optimal
declination region in close to the equatorila line, while at declination angle δ> 30◦ the
effect of Earth absorption is visible at high energies.
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Fig. 1.8 Sketch of the path of a neutrino. The muon neutrino pass through the Earth and
it can be interact outside the detector. The muon associated pass inside the detector
producing Cherenkov radiation observable by the DOMs. In the figure the main quantities
useful for the analytical expression of the effective area are shown.
Atmospheric Neutrinos
The majority of events observed by IceCube is imputable to the atmospheric background.
These neutrinos are generated by the collision of cosmic rays with the atmosphere. In fact,
during this interaction, secondary particles are produced among which a huge amount of
pions and kaons. Mesons decay produce muons and neutrinos. Both of them are noise
background for the identification of astrophysical neutrinos. The energy spectrum for
both neutrinos and muons is ∼ E−3.7. IceCube has a veto system that refuses the events
characterised by a coincident signal, that is produced by the muons in the veto and by the
atmospheric neutrinos into the detector. The background affects predominantly the low
energies (< 100 TeV) because of the steep spectrum and the Southern hemisphere since
the atmospherical muons are absorbed by the Earth before to reach the detector (?, ?, ?).
There is another component of atmospheric background, the so-called prompt, due
to the decay of heavy mesons (c, c¯,b, b¯ → heav y −hadr on+X → ν, ν¯+X ′+X ). In this
case the expected energy spectrum is ∼ E−2.7 but due to the low intensity of events, this
background is not expected to be dominant.
Fig. ?? shows the best-fit ν spectra (?). IceCube data are represent with black dots.
there are then different fits: The yellow and the red regions are the best fits for HESE
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Fig. 1.9 Unfolded spectrum for six years of HESE neutrino events and six years Northern
hemisphere track events. The yellow and red bands show the 1σ uncertainties on the
result of a two-power-law fit. Superimposed is the best fit to eight years of the upgoing
muon neutrino data (pink). Note the consistency of the red and pink bands. Credits: (?
events. The high-energy neutrino events are characterized by a spectral index of 2.13,
which suggests that they can’t have atmospherical origins. The pink spectrum is obtained
from the measurement of the Northern Hemisphere muon neutrino flux, using IceCube
data from 2009 to 2015. The dashed blu line is the best fit of the conventional νµ+ ν¯µ
atmospherical neutrinos. The green line is the flux limit for prompt atmospheric neutrinos.
1.3.3 Status of the IceCube Observations
After eight years of data acquisition, IceCube observed an excess of events at energies
beyond 100 TeV which cannot be associated to the atmospheric flux (?, ?). The statistical
significance of the excess, the astrophysical flux, is 6.7σ. Periodically the IceCube Col-
laboration publishes a list of detected events (both HESE and throughgoing events). At
present the six-year data set contains a total of 83 neutrino events with deposited energies
ranging from 60 TeV to 10 PeV. The data are reported in tables on ? and ? for HESE events
(54 events) and in ? for througoing events (29 events) (see also ?).
In Figure ?? the arrival directions of the most energetic events in the eight-year up-
going νµ+ ν¯µ analysis (⊙) and the six-year HESE data sets are shown. The HESE data
are separated into tracks (⊗) and cascades (⊕). The median angular resolution of the
cascade events is indicated by thin circles around the best-fit position. The most energetic
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Fig. 1.10 Projection in Galactic coordinates of the arrival direction of neutrino events. In
the plot the eight-year upgoing track analysis performed by the IceCube Collaboration
with reconstructed muon energy Eµ& 200 TeV are shown (red ⊙). The events of the six-
year high-energy starting event (HESE) analysis with deposited energy larger than 100 TeV
(tracks⊗ and cascades⊕) are also shown. The thin circles indicate the median angular res-
olution of the cascade events (⊕). The blue-shaded region indicates the zenith-dependent
range where Earth absorption of 100 TeV neutrinos becomes important, reaching more
than 90% close to the nadir. The dashed line indicates the horizon and the star (∗) the
Galactic Center. The four most energetic events are highlighted with magenta numbers
(HESE) and red number (tracks).
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muons with energy Eµ > 200 TeV in the upgoing νµ+ ν¯µ data set accumulate near the
horizon in the Northern Hemisphere. Elsewhere, muon neutrinos are increasingly ab-
sorbed in the Earth before reaching the vicinity of the detector because of their relatively
large high-energy cross sections. This causes the apparent anisotropy of the events in
the Northern Hemisphere. Also HESE events with deposited energy of Edep > 100 TeV
suffer from absorption in the Earth and are therefore mostly detected when originating
from the Southern Hemisphere. After correcting for absorption, the arrival directions of
cosmic neutrinos follow an isotropic distribution, suggesting a dominating extragalactic
components. However an analysis of the possible galactic components at low energy is
done in ?, ?, ?.
The case of TXS 0506+056
In April 2016 IceCube set up a real time alert system ?. Any track-like event with suffi-
cient energy to have a high probability of being an astrophysical neutrino generates an
alert in the form of a public Gamma-ray Coordinate Network circular within a minute of
the event for possible follow-up by astronomical telescopes. About 10 alerts have been
issued since the system began. The tenth such alert, IceCube-170922A, on September
22, 2017, reported a well-reconstructed muon neutrino with a significant probability to
come from space rather than from the Earth’s atmosphere. The energy deposited by this
event was of 23.7±2.8 TeV. To estimate the parent neutrino energy, the IceCube Collab-
orators performed simulations of the response of the detector array, considering that
the muon-neutrino might have interacted outside the detector at an unknown distance.
They assumed the best-fitting power-law energy spectrum for astrophysical high-energy
muon neutrinos, d N /dE ∝ E−2.13 ? where N is the number of neutrinos as a function of
energy E . The simulations yielded a most probable neutrino energy of 290 TeV, with a
90% confidence level (C.L.) lower limit of 183 TeV, depending only weakly on the assumed
astrophysical energy spectrum (?).
What makes this alert special is that, for the first time, telescopes detected enhanced
γ-ray activity aligned with the cosmic neutrino within less than 0.1◦, associated to a
flaring blazar with redshift z = 0.34 (?), called TXS0506+056. Originally detected by Fermi
and Swift satellite telescopes, the source was followed up by the MAGIC air Cherenkov
telescope. Several other telescopes subsequently observed the flaring blazar; a complete
report of the observations is reported in ? and ?.
Figures ?? and ?? summarise the multi-wavelength light curves and the changes in the
broad-band spectral energy distribution (SED), compared to archival observations.
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Fig. 1.11 Time-dependent multi-wavelength observations of TXS 0506+056 before and
after IceCube-170922A. Significant variability of the electromagnetic emission can be
observed in all displayed energy bands, with the source being in a high emission state
around the time of the neutrino alert. From top to bottom: (A) VHE γ-ray observations
by MAGIC, H.E.S.S. and VERITAS; (B) high-energy γ-ray observations by Fermi-LAT and
AGILE; (C and D) X-ray observations by Swift XRT; (E) optical light curves from ASAS-SN,
Kiso/KWFC, and Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red
dashed line marks the detection time of the neutrino IceCube-170922A. The left set of
panels shows measurements between MJD 54700 (22 August, 2008) and MJD 58002 (6
September, 2017). The set of panels on the right shows an expanded scale for time range
MJD 58002 - MJD 58050 (24 October, 2017). The Fermi-LAT light curve is binned in 28 day
bins on the left panel, while finer 7 day bins are used on the expanded panel. A VERITAS
limit from MJD 58019.40 (23 September, 2017) of 2.1×10−10cm−2s−1 is off the scale of the
plot and not shown.
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Several models have been presented to describe the physics behind the neutrino and
electromagnetic emission. Section ?? shows the so-called spine-layer scenario, applied to
TXS 0506+056 SED (?), while section ?? shows an alternative scenario that consider the
photons produced by the low accretion flow (ADAF), as target to the relativistic protons
inside the jet ?. Other scenarios are presented in ?, ?, ?, ?, ?, ?. A discussion of these results
is given in Section ??.
This coincidence detection triggered the IceCube Collaboration to reanalyse the data
around the position of TXS 0506+056. In ?, IceCube Collaboration shows an analysis
including the entire 9.5 years of observations (from April 2008 to October 2017) performed
with different configurations of the detector. To search for a neutrino signal at the co-
ordinates of TXS 0506+056, they applied the standard time-integrated analysis ? and
time-dependent analysis (?) that they have been used in past searches (e.g. ?, ?).
They show the results of the time-dependent analysis performed at the coordinates of
TXS 0506+056 for each of the six data periods. One of the data periods, from 2012 to 2015,
contains a significant excess. The excess consists of 13±5 events above the expectation
from the atmospheric background. The significance depends on the energies of the events,
their proximity to the coordinates of TXS 0506+056, and their clustering in time. This is
illustrated in Fig. 2 of ?, which shows the time-independent weight of individual events in
the likelihood analysis during the data period. The significance of the excess, calculated
3.5σ, is due to both the number of events and their energy distribution.
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Fig. 1.12 The SED is based on observations obtained within 14 days of the detection of the
IceCube-170922A event. See ? to see all the telescopes that contributes to the realization
of the SED. Archival observations are shown in grey to illustrate the historical flux level of
the blazar. The γ-ray observations have not been corrected for absorption due to the EBL.
SARA/UA, ASAS-SN, and Kiso/KWFC observations have not been corrected for Galactic
attenuation. Even within this 14-day period, there is variability observed in several of
the energy bands shown (see Figure ??) and the data are not all obtained simultaneously.
Representative νµ+ ν¯µ neutrino flux upper limits that produce on average one detection
like IceCube-170922A over a period of 0.5 (solid black line) and 7.5 years (dashed black
line) are shown assuming a spectrum of d N /dE ∝ E−2 at the most probable neutrino
energy (311 TeV).
Chapter 2
Cosmic sources of high-energy neutrinos
In the previous chapter we discussed neutrino properties, the observational techniques
and the status of the IceCube observations. At present, the spectrum of the neutrino
events and the reconstructed directions of them, make impossible to distinguish between
the two main channel of production pp or pγ. Due to the different environment, in fact,
relativistic cosmic-rays (protons) can interact with radiation or gas producing pions and
then neutrinos and γ-rays. Also, the reconstructed direction of the neutrino events is
distributed isotropically in the Sky. This leads to exclude a unique galactic component. In
particular in ?? we showed that the spectrum of the IceCube events can be interpreted
as having two components: a galactic one at low energy, < 100 TeV, and an extragalactic
component dominant above 100 TeV (?, ?, ?).
Then, the requirements of the neutrino sources should be:
• From the relation between protons and neutrinos energies, Ep ∼ 20Eν, the candidate
astrophysical high-energy neutrino sources should be also sources of HECRs; or
they should be irradiated by a flux of cosmic rays from some other source(s).
• Moreover, due to the fact that during the pp or pγ reactions both charged pions and
neutral pions are created, it is reasonable to search neutrino sources from the most
energetic sources of γ-rays, that they can be the result of π0 decay.
In this chapter we give a brief overview of the main candidate neutrino source classes.
We start describing the galactic candidates in which the pp channel is favourite, because
of the rich environment of gas. Then we present the main extragalactic sources. In this
case both scenarios (pp and pγ) are presented: cosmic rays can be accelerated in the jet
and interact mainly with radiation pulling in the photo-meson reaction (pγ) or they can
be produced by a supernovae explosion and then interact with the gas of the galaxy (pp)
(for more details see ?).
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2.1 Cosmic-rays
The sources of CRs and UHECRs are still unknown and their link with astrophysical
neutrinos is one of the best way to investigate on their nature. Their origin is expected to
be both galactic and extragalactic. A reasonable starting point to study CRs is to establish
some separation between those CRs that can potentially be accelerated inside the Galaxy
and the ones that are thought to be produced outside the Milky Way (?, ?).
In Fig. ?? the CRs spectrum recorded with different experiments is shown. The energy
dependency of the flux of of cosmic rays is quite well described by a power law E−p with
p the spectral index, around 2.7 on average. After the low energy region dominated by
cosmic rays from the Sun (the solar wind), the spectrum becomes steeper for energy
values of less than around 1000 TeV (?). The point at which the change of slope takes place
is called the knee and it is clearly visible in Fig. ??. Around this energy the emission of
CRs is probably dominated by astrophysical sources in our Galaxy. There is a substantial
consensus that galactic CRs are somehow related to one or more types of supernova (SN)
explosions and that acceleration is mainly due to diffusive transport in the proximity of
strong shocks into the intergalactic medium (IGM) formed as a consequence of these
explosions. However, there is no agreement on the fact that those CRs can actually reach
the knee energy. At higher energies ∼ 109 GeV, a hardening occurs, the so-called ankle;
there are several arguments that support that the region above this energy is dominated
by cosmic rays produced by extragalactic sources (see ?, ?, ?,?). For even higher energies
(> 1011 GeV) the cosmic-ray spectrum presents a drastic suppression as expected from the
interaction of long-traveling particles with the cosmic microwave background, remnant
of the origin of the Universe.
The energy scale of CRs producing TeV-PeV neutrinos is above the cosmic-ray knee
in the energy range from PeV to 10 PeV but below the CR ankle around 4×106 TeV. The
underlying cosmic ray population responsible for the neutrino emission is hence not
clearly identifiable as Galactic or extragalactic in terms of the energy.
2.2 Galactic sources
The directions of the events detected by IceCube suggest that the nature of the astro-
physical neutrinos cannot be exclusively galactic. However, the Milky Way is an ideal
environment for the pp channel, because of the abundant gas in which a relativistic
cosmic-ray can travel through. Our galaxy can contribute to the neutrino spectrum by
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Fig. 2.1 Cosmic rays spectrum. The flux of cosmic rays decreases strongly with increasing
particle energy. Slightly above an energy of 1015 eV, the slope of energy decrease changes.
This leads to a bend in the spectrum, the knee of cosmic radiation. In the region around
1018 eV, also called the ankle, the slope changes again (it became hardering). According to
the standard lore, below the knee, cosmic rays are thought to be of galactic origin, while
above the ankle they are expected to be only extragalactic.
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the diffuse neutrino emission of galactic CRs, the joint emission of galactic PeV sources or
microquasars, and extended galactic structures like the Fermi Bubbles or the galactic halo.
2.2.1 Galactic diffuse emission
The events detected by IceCube corresponds to neutrinos with energies of a few PeV. Con-
sidering hadronic production via pγ or pp interactions, this corresponds to an underlying
CR population with energies Ep ∼ 20Eν, reaching above the CR knee, but not necessarily
above the ankle (see Figure ??). The origin of CR detected in this region is still unknown.
Since these range corresponds to the transition region of Galactic and extragalactic cosmic
rays it is feasible that Galactic sources might be responsible for the emission. However,
the absence of a strong anisotropy in the arrival direction of events and upper limits on
the neutrino flux of individual point source emission limits the contribution of individual
Galactic point sources (?).
A significant contribution to the observed diffuse flux is only possible for extended
Galactic diffuse emission. A guaranteed contribution to the diffuse emission of the Galactic
Plane is the hadronic emission produced by interactions of diffuse CRs with gas (?, ?, ?, ?,
?).
In general, this emission is expected to follow the local diffuse CR spectrum. Usually
it is assumed that the average spectrum in our Galaxy is close to the observed one with
a power-law E−2.75 up to the knee at 3−4 PeV, where the spectrum became softer. In
the context of the IceCube observation, the all-sky integrated flux is unlikely to reach the
observed level (?, ?, ?).
Another source of extended Galactic emission is the cumulative quasi-diffuse flux of
Galactic sub-threshold sources. Various sources might reach the required large maximal
energies necessary for the IceCube observation.
It was shown that candidate Galactic sources for the IceCube emission following the
Galactic distribution of supernova remnants or pulsars can only maximally contribute at
a level of 65% to be consistent with the HESE three-year data (?, ?, ?, ?).
2.2.2 Extended galactic sources
The origin of the extended Galactic gamma-ray emission known as the Fermi Bubbles (?, ?)
is unclear, but leptonic (?) as well as hadronic (?, ?) scenarios have been proposed, which
can be distinguished via their corresponding neutrino emission (? ?). Figure ?? shows a
two years γ-ray sky observed by Fermi satellite. the upper panel shows the smoothed all
sky map detected in the energy region of 1−10 GeV in which the galactic plane is clearly
2.2 Galactic sources 27
Fig. 2.2 Two years γ-ray sky map observed by Fermi satellite. a) is the smoothed all sky
map (1-10 GeV) in with the galactic plane and the galactic centre are clearly visible. b)
residual sky map in which the Fermi bubbles are turned up.
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visible. The lower panel shows, instead, the residual sky map in the same energy band to
turns up the Fermi bubbles.
IceCube’s HESE three-year data show a weak statistical excess close to the Galactic
Center in the search for anisotropies in the event arrival directions. This has motivated
speculations about a possible hadronic contribution to the Fermi Bubbles (?, ?, ?, ?). The
maximum contribution of the Fermi Bubble region to the HESE three-year data has been
shown to be limited to about 25% (?).
2.3 Extragalactic sources
Among extragalactic sources, we describe gamma-ray bursts, starbust galaxies and active
galactic nuclei. However small contribution of the neutrino background can come also
from other galaxies with the same emission of our Milky Way or from exotic processes
such as dark matter annihilation (?).
2.3.1 Gamma Ray Bursts
Gamma Ray Bursts (GRBs) are short and intense flashes of γ-rays with typical energies
between keV and a few MeV (? ?). They reach luminosities (assuming isotropy) of 1054
erg/s, which makes them the most energetic phenomena in the Universe. The γ-ray
emission, called "prompt", is highly variable, with timescales as short as few milliseconds,
and can last a fraction of a second (short GRBs, t < 2 s) or few tens of seconds (long GRBs,
t > 2 s). GRBs are cosmological sources having average redshift 〈z〉 ∼ 2.5. The progenitors
of long GRBs are thought to be very massive stars that collapse at the end of their life,
while the progenitors of short GRBs are thought to be the merging of two neutron stars.
It has been argued that if a small fraction of the kinetic energy is channeled into
acceleration of CRs, GRBs can supply the total power density of ultra high energetic
cosmic rays. For this reason they are prominent candidates for the origin of UHECRs (?, ?)
as well as for high-energy neutrinos (?).
Long GRBs are the most likely candidates for productions of neutrinos. Variations
of the the baryonic content leads to expanding shells with different relativistic Doppler
factors that start to collide and form internal shocks. The strong γ-ray display is related to
synchrotron emission of a population of high-energy electrons that may be accelerated
in the shocks. Protons that can be co-accelerated in the shocks could start to interact
with photons of the synchrotron spectrum and produce neutrinos via pγ channel. The
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corresponding emission is typically in the TeV-PeV energy region depending, also, to the
radiation spectrum.
The expected rate of GRBs is∼ 1000 per year over the entire sky. IceCube Collaboration
performed an analysis to search potential events coming from 807 GRBs during three
years of data taking (?). However only five events were found in spatial and temporal
coincidence with GRBs. This allows to put constraints on the contribution of neutrinos
coming from GRBs to the observed neutrino diffuse emission; that are at least a factor ten
lower than the measured flux. This also bounds some parameters on which the theoretical
model is based, such as the bulk Lorentz factor Γ and the baryonic load of the jet. However,
model adjustments might circumvent these limits. For instance, frequent population
of low-power, i.e. sub-threshold, GRBs (?, ?) that are mostly undetected by gamma-ray
observatories could be responsible for the flux. Besides, neutrino emission is also expected
in different models of the GRB mechanism, such as the neutrino emission in the prompt
phase produced via pp interactions in the GRB progenitor (?) or in early internal shocks
up to the photosphere or late internal or external shocks during the afterglow phase (?).
2.3.2 Star-forming Galaxies
In galaxies with active star formation (the so-called star-forming galaxies, SFGs), both γ-
rays and neutrinos emission is expected because of the large rate of supernova explosions
and the correspondingly high flux of CRs and gas. About 10% of the star-formation rate
density in the Universe is operated by a subclass of SFGs, the so-called starburst galaxies
(SBGs).
SBGs host transient starburst episodes, often triggered by galaxy merger events, which
channel fresh gas towards the center of the merger remnant. In addition to an increasing
stellar birth rate, observations indicate an increased magnetic field strength (?). For this
reason, cosmic rays accelerated in and emitted from supernova remnant shocks can be
confined longer than the pp interaction time scale with the denser interstellar gas (?, ?, ?,
?).
As a hadronic pp scenario, the neutrino spectrum is expected to follow the initial
cosmic ray spectrum of the sources up to an energy where the confinement timescale due
to diffusion and winds become smaller than the pp interaction timescale. This naturally
produces a cutoff in the spectrum above 0.1−1 PeV neutrino energies (?,? ?, ?). Variations
of this scenario illustrate the different intrinsic cosmic ray spectra of supernovae and
hypernovae in star-forming and starburst regions that can introduce additional spectral
features in the cumulative neutrino spectrum (?).
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Unfortunately, the detection of individual starburst galaxies as neutrino point sources
is expected to be challenging due to their large abundance, i.e. a small individual point-
source contribution to the diffuse neutrino flux as seen in ?.
2.3.3 Active Galactic Nuclei
Active galactic nuclei (AGNs) are compact regions at the centre of galaxies with a luminos-
ity higher than the normal galaxies and whose radiation emission ranges from radio to TeV
band (?). AGNs are potential sources of high-energy particles including neutrinos. Chapter
?? is dedicated to the structure of these objects, here we report the main characteristics
that allows AGN to be candidates neutrino sources.
The radiation from AGN is believed to be a result of accretion of matter by a supermas-
sive black hole at the centre of the host galaxy (see Section ??, and ??) . About ∼ 10% of
AGN produce a non-thermal emission through two relativistic jets (see Section ??).
Most of the neutrino production scenarios assume pγ interactions. Neutrino emission
of AGNs, in fact, has been predicted for various cosmic ray production and interaction
sites, including for example CRs accelerated in shocks in the jet and interacting with
thermal radiation from the accretion disk or synchrotron radiation of the jet (?, ?, ? ?, see
also Section ??). Another indirect source of neutrinos could come from the interaction
of high-energy CRs interacting with the cosmic radiation backgrounds after emission of
blazars (?).
However, hadronic emission via pp interactions can happen if the target density is
large enough (?) or if the CRs accelerated in the jet are able to escape and interact with
matter of the host galaxy (?, ?).
The event IC-170922A on September 2017 associated to a flaring Blazar, a subclass
of AGN (see Section ??), suggests that these sources could provide a contribution on the
neutrino spectrum observed by IceCube.
2.4 Interpretation of present results
Apart from the case of TXS 0506+056 (see Section ??) no source has been identified by
IceCube with a significance > 3σ. The non detection of multiplets of neutrinos from any
source (except a possible excess from TXS 0506+056 presented in ?), fixes the proprieties
of the class that can produce neutrinos. In fact, this condition, together with the diffuse
neutrino flux detected by IceCube, implies an upper limit on the average distance of the
source population and then also a lower limit on the density. The combined constraints
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Fig. 2.3 The effective local density and (maximal) neutrino luminosity of various neutrino
source candidates from ?. The green solid (green dotted) line shows the local density and
luminosity of the population of sources responsible for the diffuse neutrino flux of E 2φ≃
10−8 GeV cm−2 s−1 sr−1 observed with IceCube, assuming source evolution following the
star-formation rate (ξz ≃ 2.6) or no source evolution (ξz ≃ 0.5), respectively. The gray-
shaded area indicates source populations that are excluded by the non observation of point
sources in the Northern Hemisphere ( fsky ≃ 0.5) with discovery potential E
2φ≃ 2×10−12
TeV cm−2 s−1 (?).
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on density and luminosity of sources is displayed in a so-called Kowalski plot (?) shown in
Figure ??. Figure shows the local density and luminosity of theorized neutrino sources
from (?). The grey region is excluded by the non detection of individual point sources,
assuming the discovery potential of IceCube in the Northern Hemisphere of E 2φ≃ 2×
10−12 TeV cm−2 s−1 (?). The green lines show the combination of density and luminosity
for sources at the level of the observed IceCube flux, assuming a source density evolution
following the star formation rate (solid line) or no evolution (dotted line). From this Figure,
IceCube is presently sensitive to source populations with local source densities smaller
than, 10−8 M pc−3. Much lower local densities, like those of BL Lacs FSRQs, are challenged
by the non observation of individual sources. Some source classes, like Fanaroff-Riley
(FR) radio galaxies, have an estimated neutrino luminosity that is likely too low for the
observed flux. Note that these estimates depend on the evolution parameter ξz , and
therefore the exact sensitivity estimate depends on the redshift evolution of the source
luminosity density. Other analysis with similar conclusions were presented in ? and ?. In
addition, this simple estimate can be refined by considering not only the closest source of
the population but the combined emission of known local sources (?).
In the figure LL AGN stays for low-luminosity AGN (?), FR-I, FR-II, BL Lac and FSRQ
are subclasses of AGN (See next Chapters). The position of BL Lac class (green dot) on the
plot of Figure ?? is not in disagreement with the event of IC-170922A/TXS 0506+056. In
fact, in this plot all BL Lacs are considered as neutrino emitters. In the next Chapters we
will show that this is not true.
Note that the position of the classes into the plot of Figure ?? are to be consider as
upper limits. In fact it is assumed that each class is liable of the entire neutrino diffused
emission detected by Icecube. However, it is accepted from the astrophysical Community
that the neutrino background observed by IceCube is a sum of components coming from
different sources. In other words, each class provides a percentage of the entire neutrino
spectrum that we observe (?, ?, ?).
Chapter 3
Active Galactic Nuclei
The term Active Galactic Nuclei (AGN) generally refers to the highly energetic phenomena
that can be observed in the nuclei of some galaxies. The output of this kind of emission
largely exceeds the total luminosity emitted from the host galaxy, showing typical lumi-
nosities in the range ∼ 1044−1048 erg s−1. AGNs are, in fact, the most luminous persistent
sources of electromagnetic radiation in the Universe. The radiation emitted from these
nuclear regions can cover the whole electromagnetic spectrum, from radio wavelengths
to very high-energies. These features cannot be attributed to stellar emission. The current
model assigns this peculiar phenomena to the accretion process of matter onto a Super
Massive Black Hole (SMBH), residing at the centre of the host galaxy, with masses that
range between 106 and 1010 M⊙. The energy emitted is thought to be produced by the
gravitational infall of matter inside an accreting structure, that is heated to extremely high
temperatures and dissipates the stored heat with different levels of efficiency.
The capability of these objects to emit radiation at high-energies makes AGNs potential
sources of high-energy particles including neutrinos. High-energy neutrino emission from
AGN have been discussed since the late 70s at least. If protons are accelerated by, for
example, the diffusive shock acceleration mechanism, because the optical and X-ray
radiation density is rather high in the vicinity of a SMBH, the CRs may efficiently interact
with the ambient photons.
Both observational and theoretical multi-wavelength efforts have helped us under-
stand the physics of AGN, which also lead to different proposals for CR acceleration and
associated neutrino production in AGN.
In this chapter we present the main characteristics of AGNs and we focus on blazars, a
subclass of radio-loud AGNs with a jet pointing to Earth.
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3.1 Structure of AGNs
Due to the anisotropy of their structure, AGNs present phenomenological differences each
other. This led, at first, to study AGN objects as different class sources. In fact, between the
70s and the 80s, there was a huge proliferation of phenomenological classes, that at the
beginning were not connected to the same physical process. Later on, it was understood
that most of the differences between various classes can be described as a different viewing
angles under which we observe a single class of objects (?). This is the basic assumption
on which the unified model of AGN is based. Figure ?? shows a cartoon summarising the
structure of AGNs. In the following the main components of AGN structure are described.
3.1.1 Super Massive Black Hole and accretion flow
This system is the main engine of the whole AGN: the accretion process is thought to be
one of the main responsible for the overall emission. Many models have been proposed
for the accretion process, describing both high- and low-accretion rate processes. Some
of these models will be described in Chapter ??, but as a first raw description, at high
accretion rates the most simple model is the geometrically thin, optically thick accretion
disc (?). In the case of low accretion rates, instead, the particle density is so low that
the energy exchange time scale between electrons and protons becomes larger than
the accretion time scale, the accretion flow becomes thick and optically thin and small
efficient; an example of description is given in ?.
3.1.2 Broad Line and Narrow Line Regions
These structures are formed by clouds of partially (BLR) or totally (NLR) ionized plasma, at
a distance from the central SMBH respectively of RBLR ∼ 0.1−1 pc and RNLR ∼ 100 pc. The
vicinity of the BLR to the central engine causes the plasma orbits with a very high velocity
around it (vBLR ∼ 103−104 km s−1) and then a production of Doppler broadened emission
lines through recombination, following the ionization from photons emitted mainly by
the accretion structure. The most prominent lines are: Lyα, CIV , MgI I ecc. (see ?). The
luminosity emitted from the BLR is hence a very good tracer of the ionizing luminosity of
the accretion structure, and of its overall luminosity. The average line spectra of AGNs are
very similar over a wide range of luminosity, as shown in Figure ??. This suggests that in
addition to temperature, particle densities and ionization parameters are quite similar. An
important exception to this statement is the behaviour of the CIV at λ= 1549Å emission
line; relative to the continuum, CIV is weaker in more luminous objects (i.e., its equivalent
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Fig. 3.1 Composite quasar spectra from the same small range of redshift but at different
luminosities from the Sloan Digital Sky Survey. The flux density have been normalized at
2200Å.
width decreases with luminosity), a well-known anticorrelation known as the Baldwin
Effect (?).
In the case of NLR, plasma has smaller velocity (vNLR ∼ 100−500 km s−1) that can be
easily derived from the narrower emission lines emitted. Along with the different width,
these lines can be clearly distinguished from those emitted by the BLR, because they
include also "forbidden" lines, that can be produced only thanks to the lower-density
conditions of the NLR itself, so that recombination can happen by spontaneous de-
excitation, and not by collision events.
3.1.3 Dusty Torus
At a distance from the central black hole of ∼ 1−10 pc an obscuring dusty structure, not
necessarily toroidal, is present. This structure is responsible for the different spectral
features across the various AGN sub-classes since it obscures the optical emission from
the innermost structures (i.e. BLR, accretion continuum emission) under some viewing
angles. The original unified model described this structure as an actual torus of dust,
emitting in the IR wavelength range (T ∼ 103 K). However, at present, different models
are take into considerations. The most discussed model describes a clumpy distribution
of dust all around the nucleus (first introduced by ?). This would ascribe the different
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Fig. 3.2 Observations of a jet at different wavelength. The panel on top shows X-ray
emission, the middle one the Optical emission while the Radio emission is shown in the
bottom panel. It is clearly visible the nucleus (in the left) and the so-called knots of the jet.
Credits: ?.
spectral features also to the probability of a single clump of dust to be located along our
line-of-sight (see e.g. ?).
3.1.4 Relativistic Jet
About 10% of AGN show intense radio emission. For this reason, they are classified as
radio-loud AGN. The criterion traditionally followed in order to classify these objects
refers to the ratio between the rest-frame radio (ν ∼ 5GHz) and optical (blue band B)
fluxes: R = F5GHz/FB . Specifically, an AGN is defined radio-loud when R > 10, otherwise
it is classified as a radio-quiet. The strong radio emission is generally associated to the
presence of a relativistic jet, that can have a size in a range from a few tens of kpc to Mpc
(?).
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The structure is formed by two relativistic collimated outflow, a jet and a counter-jet,
emitted symmetrically with respect to the central AGN nucleus. The plasma inside the
jets moves relativistically (?), as can be inferred from the superluminal motion observed
clearly in the collimated sections of these structures. Besides the relativistic bulk motion,
the emitting particles are relativistic also in the comoving frame of the jet. This allows
it to emit at all frequencies, up to γ-rays. The main emission mechanisms are Inverse
Compton and synchrotron emission.
In Chapter ?? the main emission processes and jet models are described. Jets extend
up to Mpc scales, and can terminate with extended structures called lobes, where the jets
decelerate likely because of their interaction with the surrounding matter. While the jet
emission is highly anisotropic, because of relativistic beaming, the lobes emit a strong,
isotropic radio-emission thanks to the plasma deceleration.
The production mechanism of the relativistic jet is still unknown, and highly under
debated. The two main processes considered to be connected to the jet formation are
the electromagnetic extraction of energy and angular momentum from an accretion disc
(likely thanks to magnetic reconnection), and the extraction of rotational energy from the
spinning SMBH (?, ?, ?).
3.2 Unified Model of AGNs
As mentioned above, the viewing angle under which we observe an AGN highly affects its
phenomenology (?). The emission from a relativistic jet is highly anisotropic because of
relativistic beaming, and therefore its observed flux can be very different under different
viewing angles. From another point of view, the presence of a dusty structure affects
the optical emission. If the dust is located along our line-of-sight, the optical emission
from the most central region will be partially or completely absorbed by the torus itself,
and re-emitted in the IR. This affects also the spectral features in this wavelength range.
For this reason, one of the first classifications introduced for AGN was indeed based on
differences observed in the optical spectrum.
Radio quiet AGNs
Historically, the first classification of AGNs was done by Seyfert in 1943 (?). Observing the
optical spectra of a set of spiral galaxies characterised by a bright core, Seyfert divided the
sample into two groups: Type 1 Seyfert galaxies show both broad and narrow emission
lines, while Type 2 only the narrow components. With the unification of the AGNs this
can be explained by the absorption from the dusty torus of the BLR radiation due to the
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Fig. 3.3 Schematic view of the AGN unified model. Credits: ?.
inclination of the AGN to the line-of-sight (see fig. ??). Support to this theoretical model
comes from polarimetric observations of Seyfert type 2 (NGC 1060 as first by ? and then,
for example, ?). The polarized light coming from Sayfert type 2 show, in fact, the broad
emission lines that were missing from the total light spectrum. This can be explain by the
possibility that some fraction of the light emitted from the innermost region is scattered by
free electrons in the direction of the observer. This scattered light would leave its signature
in polarized light.
Radio loud AGNs
According to the radio dominance over the optical emission, AGNs can be divided into
radio-loud or radio-quiet. Because of high luminosity and a strong radio emission, radio-
loud AGNs are easier to detect than radio-quiet objects and then they were the first to be
discovered. However radio-loud AGNs are only 10% of the whole class. Usually the host
galaxies of radio-loud AGNs tend to be more massive than those of radio-quiet AGNs (e.g.,
?) and they produce a powerful jet component which provides significant radio emission
through synchrotron radiation. For this reason the radio emission is a good tracer of the
presence of a jet.
3.2 Unified Model of AGNs 39
Fig. 3.4 Schematic view of blazars subclasses. FSRQs (in the left) present a rich radiation
environment. The disk is supposed to be a optically thick, geometrically thin disk ?. The
present of broad emission lines in the optical spectra suggest the presence of the BLR.
BL Lac objects (right panel) are instead less powerful than FSRQ, the disk is probably
inefficient, an advected dominated accretion flow. Due to the weak or absent emission
lines, the BLR is absent or poor.
Also in this case there is an historical classification of this kind of objects introduced
by ?. They classified a sample of radio-galaxies based on the relative position of the hot
spot on the radio map. The low-luminosity Fanaroff-Riley class I (FR-I) are galaxies which
show a rather compact emission arising close to the core, while the high-luminosity FR-II
objects have the structure dominated by the radio lobes and most of the emission appears
to come from the far end of the extended emission. The morphology difference between
the two classes leads to believe a different physical scenario. This is strengthened by the
different luminosity of the two classes. It exist, in fact, a dividing luminosity of LR = 1032
erg s−1 Hz−1 sr−1 at a frequency of 175 MHz to divide FR-I from FR-II. The two classes
show two different jet behaviours on the kpc scale: on that scale, in FR-I jets the plasma
seem to propagate more slowly than in FR-II. Also, FR-I were shown to have generally a
lower accretion rate than FR-II (?).
Hypotheses that connected the different FR-I/-II features to the central engine (i.e.
accretion) were introduced, to explain the observed differences (see more details in
Chapter ??).
Those radio-loud AGNs with their relativistic jets directed towards us are classified as
blazars. Radio-galaxies are therefore thought to be the parent population of blazars.
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3.3 Blazars
When the angle-of-view of radio-loud AGNs is only few degrees, we are observing a blazar.
Blazars are quite peculiar sources, and should be rare indeed. Roughly, 10% of AGNs
are radio-loud, and only ∼ 1% of these, assuming random isotropically distribution of
the sources, should have its axis aligned with our line-of-sight within 15◦. Blazars are
dominated by high variability. This is can be explained physically by the presence of the
jet. As already said in ??, the jet structure is still little-known, but the observations of the
movement of the knots through the direction of the jet, suggest that the emission can vary.
Observations of Blazars confirm that they are the most variable AGN subclass (?, ?., ?, ?).
Blazar are prominent emitters from the radio frequencies all the way up to the very
high energies above 1 TeV. One of the tracers of a Blazar is the radio emission coming from
the jet. Their probable parent population is represented by FR-I and FR-II radiogalaxies
with the jet oriented on the line of sight of the Earth. The optical emission is due to the
synchrotron radiation of the relativistic electrons in the jet (more details in Section ??).
The X-ray emission is a delicate band in which several components contribute to the
emission that we observe (see Section ??). Finally Blazar can emit γ-ray photons due to
leptonic (and, possibly, hadronic) emission (see Section ??).
These characteristics make them a perfect environment to accelerate particles at high-
energies. For this reason they have been considered as UHECRs birthplace, and then also
high-energy neutrino emitters.
Blazars are generally divided in Flat Spectrum Radio Quasars (FSRQs) and BL Lacertae
objects (BL Lacs). Also in this case the classification arises from observations. In particular,
FSRQ and BL Lacs are classified based on the rest frame equivalent width (EW ) of their
broad emission lines: BL Lacs have EW < 5Å, while FSRQs have EW > 5 Å(?). This
classification implies that while FSRQs show emission lines usually seen in quasars (hence
the name), BL Lacs are characterised by the weakness or even absence of optical lines.
Figure ?? and ?? show typical spectra for FSRQ (?) and BL Lac (?). See also ?. A
physical interpretation of this difference can be connected to the different accretion
mechanism. The emission lines observed in the optical spectrum should come from
the broad line region of the blazar. Now we think that the absence or weakness of the
lines in BL Lacs is not due to a particularly amplified continuum, but it is an intrinsic
property. In fact, the BLR is irradiated by the ionizing photons produced by the accretion
structure and therefore a difference in the broad emission lines could reflect a difference
in the accretion luminosity. In the case of an efficient accretion (as the Shakura-Sunyaev
disc), the BLR produces extremely luminous emission lines (see Section ??). On the other
hand, a radiatively inefficient accretion mechanism would not induce the BLR to produce
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Fig. 3.5 Spectrum of FSRQ PKS 1222+261 taken with the Sloan Digital Sky Survey in January
2008. For each emission line the corresponding element is signed.
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Fig. 3.6 Mean spectrum of BL Lac objects obtained combining the 23 objects in which
intrinsic spectral features are detected. The first panel reports the mean spectrum assum-
ing for the continuum a power law with index α= 0.90 (which corresponds to the mean
spectral index of the whole BL Lac sample). In the second panel normalized spectrum is
shown (?).
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emission lines. Since the EW can be considered a good measure of the line emission
dominance over the underlying continuum, the EW classification could correspond to
a physical intrinsic difference between the two classes. FSRQs show strong emission
lines, being therefore linked to a radiatively efficient accretion process, such as a Shakura-
Sunyaev disc, while the lineless BL Lacs were connected to radiatively inefficient accretion
flows (RIAF), like the Advection-Dominated Accretion Flow (ADAF) (see Chapter ??). The
presence of a disc in FSRQs is confirmed from direct observations (see e.g. ?).
Figure ?? shows a geometrical interpretation of the two subclasses of blazars. FSRQs
(on the left) present a rich radiation environment. The disk is supposed to be a optically
thick, geometrically thin disk (?). The presence of broad emission lines in the optical
spectra suggests the presence of the BLR. BL Lac objects (on the right) are instead less
powerful than FSRQ, the disk is probably inefficient, an advected dominated accretion
flow. Due to the weak or absent emission lines, the BLR is absent or faint.
3.3.1 Spectral Energy Distribution of Blazars
As already mentioned, blazars emission covers the entire electromagnetic spectrum, from
radio to γ-rays. This is a signal of the non-thermal processes at work in the jet. To easily
have a comparison of source luminosities in different bands, it is common to plot the
energy flux per logarithmic interval of frequency, log(νFν), vs. log(ν). This plot is the
so-called spectral energy distribution (SED) and it is standard for multiwavelength studies.
The SED of blazars, shows two broad bumps, the so-called "double bump" shape. An
example of the distribution of the data for a FSRQ (top panel) and a BL Lac object (bottom
panel) over the SED is shown in Figure ??. In both cases the double bump shape is clearly
visible. The first bump peaks in the optical-UV band and it is typically ascribed to the
synchrotron emission of the relativistic jet. The second one peaks in the γ-ray band and
its nature is still under debate.
Another important feature of the blazar SED is its variability, that tends to be more
intense and rapid at high energies, a feature that can be exploited in order to understand
the mechanisms at work (see Chapter ??). Quasi-simultaneous variability in different
spectral bands is often (but not always) observed, suggesting that most of the flux is
produced in a single region of the jet. Radio emission is an exception. As we already
said the parental population of Blazars are radiogalaxies. In particular it is common to
associate FR-II as parent population of FSRQs and FR-I to BL Lacs. In the models the
emission from Blazars (both BL Lac and FSRQs) is assumed to come from a blob of radius
Rjet to a certain distance from the SMBH and with a Lorentz factor Γ (see more details
in the next Chapter). The entire emission of Blazar is assumed to happen close to the
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Fig. 3.7 An example of the characteristic SED of a FSRQ (3C 454.3 on the top) and a BL Lac
object (Mkn 421 bottom panel) built with archival data. The main features are two broad
bumps, arguably due to non-thermal processes in the relativistic jet.
SMBH, in the inner region of the jet. The models, in fact, assume a blob at a certain
distance from the BH (< pc) and derive the spectrum coming from this region. In the case
of the radio emission, this way to perform the models do not work well. In fact in the next
Chapters often you see that the fit model do not work from radio emission (in particular
for low energies). This can be easily explained since the radio band is dominated from the
emission coming from the external region of the jet (> pc).
3.3.2 The Blazar Sequence
One of the first systematic analysis of the SED of the whole blazar class has been performed
in ?. The work presents a statistical study of a sample of 126 blazars observed at different
wavelengths. They divided the sample of blazars by radio-luminosity subclasses and they
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built an average SEDs for each luminosity-bin.
One of the main results is a homogeneus SED shape, characterised by two components,
the first peaked at frequencies in the range 1013−1017 Hz, the second at about 1021−1024
Hz. Moreover, it seems that a trend of the peaks depending on the luminosity bin is
present: the most powerful sources have the peaks at lower energies, while low luminosity
ones peak at much higher energies.
Last, the higher luminosity-bin shall be composed mostly of FSRQs while BL Lacs are
usually less bright. The SED of the higher luminosity-bin (and then of FSRQs) shows the
second peak higher than the first one. This can be described by the so-called External
Compton (EC) component emission (see section ??).
Against the blazar sequence
The blazar sequence has been discussed for several years in the blazar-community. The
main objection is that it could be the result of selection effects that are operating (e.g. ?,
?, ?, ?, ?, etc). It is true, in fact, that in ? most of the sources had not been observed at
high-energies. Of all 126 blazars only 37 were observed in γ-ray band. In other words, the
old sequence described the tip of the iceberg of the γ-ray emission of blazars considering
only the brightest objects at high-energies.
Due to the main objection to the sequence, considering that as a a result of selec-
tion effects, ? proposed the simplified scenario for blazars, completely alternative to the
blazar sequence. The authors suggest that there is no physical link between the lumi-
nosity and the overall shape of a blazar. It means that, differently from the result of the
sequence, it is possible to find BL Lacs objets at high redshift and luminous, such as
FSRQs at low distances and with low luminosity. Then, for, this simplified scenario, both
at high and low luminosities, we have both red (positions of the two peaks of the SED
at low energy/frequency) at and blue (positions of the two peaks of the SED at high en-
ergy/frequency) blazars. Only observations of red BL Lacs or blue FSRQs can demonstrate
this alternative scenario.
Blazar sequence 2.0
Motivated by these arguments, in ? we have reported the systematic analysis of the whole
blazars, with known redshift, belonging to the most recent γ-ray catalogue released by
the Fermi Collaboration. This catalogue is the 3LAC sample that covers all the blazars
detected by Fermi satellite after 4 years of operations (?). In this case the new analysis
contains a more extended complete sample down to deeper sensitivity limits. The new
46 Active Galactic Nuclei
Fig. 3.8 The γ-ray luminosity (in the rest frame 0.1− 100 GeV band) as a function of
redshift for all blazars in the 3LAC catalog with known redshift. The solid lines refer to
approximately the sensitivity limit of EGRET (onboard the CGRO satellite (orange line) and
the Fermi/LAT sensitivity of the 3LAC sample, that is ∼ 20 times deeper. The horizontal
lines divide the sample into 6 γ-ray luminosity bins, and the corresponding total number
of sources in each bin is indicated. Red squares refer to FSRQs, blue circles to BL Lacs,
following the classification of the 3LAC catalog (?).
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sample contains 747 objects classified as BL Lacs (299) or FSRQs (448). Figure ?? shows
the average (over 4 years) γ-ray luminosity as a function of redshift. Blue circles are BL
Lacs, red squares are FSRQs, as defined by ?. It is clear that BL Lacs have lower redshifts
and smaller γ-ray luminosities than FSRQs.
We divided these blazars into 6 γ-ray luminosity bins. The number of sources in each
bin is reported in Figure ??. Each bin spans a decade in γ-ray luminosity, for an easy
comparison with the old sequence, whose radio luminosity bins were also a decade. For
each luminosity-bin we obtain an average SEDs using a phenomenological model. We
performed a study for the entire sample of blazars, but, for the first time, we analysed the
trend of the SEDs for both FSRQs and BL Lacs separately. The main results are:
• The existence of sequence is confirmed with this new analysis. Figure ?? shows
a comparison between the old and the new sequence. Bearing in mind that the
luminosity-bins for the two analysis are different (the old sequence follow the radio
luminosity-bin while the new one the γ-ray luminosity bin), the trends are coherent
each others.
• When considering BL Lacs and FSRQs separately, we discover that the trend is
different. Focusing first on FSRQs, we note that the overall shape of the SEDs does
not change much, except for the Compton dominance (CD, it is the ratio between
the Compton peak and the synchrotron one, see ? for more details), that increases
with the γ-ray luminosity. Contrary to the overall sequence, the γ-ray slope is
almost constant, as well as the inferred peak frequencies of the synchrotron and
the high energy components. Therefore, FSRQs show trends, but only in Compton
dominance and in the X-ray slope. They do not become redder when more luminous
(the pattern we called sequence).
On the contrary, BL Lacs show a different behaviour. BL Lacs, in fact, show a
remarkable trend for the entire SED, that changes by changing the bolometric
luminosity. The peak frequencies become smaller as the luminosity increases: νS
(the frequency of the first peak) goes from ∼ 1017 Hz to ∼ 1012 Hz increasing the
luminosity Lγ by 4 orders of magnitude. Similarly, νC decreases by more than
4 orders of magnitude, with most of the change occurring around Lγ ∼ 1046 erg
s−1. The Compton dominance changes by one order of magnitude in the entire
luminosity range, indicating that in BL Lacs the synchrotron and the high energy
components are almost equal.
• When we put together all blazars, the sequence becomes more evident, and more
similar to the original one. This is because, at high luminosities, the properties of
48 Active Galactic Nuclei
Fig. 3.9 Comparison between the new and the original blazar sequence for all blazars.
Note that the original blazar sequence considered 5 radio luminosity bins, while the new
one considers bins in the γ-ray band (?).
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the average SED are dominated by FSRQs, while BL Lacs dominate the average SED
at low Lγ.
A physical interpretation of these observations will be done in next Section. The blazar
sequence can be, in fact, fruitfully interpreted in terms of the source physics. To do it we
need to introduce the main emission processes of the jet.
3.3.3 Interpretation of the blazar sequence
Coming back to the blazar sequence, the SED modelling was performed using an analytical
function as presented in the next paragraph. However the physical interpretation of the
sequence is given in terms of leptonic model.
Phenomenological SEDs
The entire non–thermal SED of all blazars can be described by two broad humps and a
flat radio spectrum. The simplest analytical function to approximate such a broad band
SED is a single power in the radio, connecting to a smoothly broken power law, describing
the low energy hump, plus another smoothly broken power law that describes the high
energy hump. The most remarkable deviations to this simple description are related
either to the emission from the accretion disc and the torus (in the optical–UV and the
far IR, respectively) and the emission of the host galaxy visible at low redshifts. Therefore
we propose to describe the entire non–thermal SED with the following prescription,
completely phenomenological. In the radio band we have
LR(ν) = Aν
−αR ; ν≤ νt (3.1)
where νt is where the flat part ends. It can be interpreted as the self–absorption frequency
of the most compact jet emitting region. This power law connects with:
LS+C(ν) = LS(ν)+LC(ν); ν> νt (3.2)
describing the low and the high frequency part, respectively. The low energy part (that
can be associated to synchrotron flux) is assumed to be:
LS(ν) = B
(ν/νS)−α1
1+ (ν/νS)−α1+α2
exp(−ν/νcut,S); ν> νt (3.3)
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Fig. 3.10 Sketch illustrating the phenomenological description of the average SED of the
blazars in each luminosity bin. In this example we show the SED of the BL Lacs in the
bin 45< l og (Lγ/erg s−1)< 46. We show the data of each source, with no averaging. The
hatched stripe corresponds to 1σ of the dispersion of points around the fitting law showed
with the black solid line. The red labels correspond to the needed parameters.
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while the high energy part (that can be associated to the inverse Compton flux) is:
LC(ν) = C
(ν/νC)−α3
1+ (ν/νC)−α3+α2
exp(−ν/νcut,C); ν> νt (3.4)
The constants A, B , C are obtained requiring:
• The radio spectrum and LS+C(ν) connect at νt;
• at νS (the peak of the synchrotron spectrum), the luminosity is LS(νS);
• at νC (the peak of the inverse Compton spectrum), the luminosity is LC(νC). This is
parametrized giving the Compton dominance parameter CD, namely the ratio of
the νL(ν) Compton and synchrotron luminosities.
In total, we have 11 parameters, all univocally related to observables. They are:
• the three typical frequencies νt (self–absorption), νS (peak frequency of the syn-
chrotron spectrum), νC (peak frequency of the high energy spectrum);
• the two cut–off frequencies νcut,S and νcut,C of the synchrotron and high energy
spectra, respectively;
• the four slopes αR (radio), α1 (connecting νt with νS), α2 (the slope after the syn-
chrotron and the high energy peak), α3 (the slope before the high energy peak).
• the two νL(ν) luminosities at the synchrotron and the high energy peaks.
We found that the same αR = −0.1 can describe all sources, so the free parameters
become 10. Consider also that the high energy cut–offs are not well determined, but are
not very important for the description of the SED. Consider also that all parameters are
observable quantities.
Physical interpretation of the Blazar sequence
The fact that FSRQs follow a clear trend in Compton dominance, while the peak frequen-
cies νS and νC are almost constant, can be explained in terms of a nearly constant radiative
cooling rate. We have already shown that the structure of a FSRQ is quite complex and
the presence of the disk, the BLR the torus, etc. makes the environment of the FSRQs
rich of soft photons (see Figure ??). We will show that the external radiation plays a key
role on the electromagnetic and neutrino emission of these objects (see Section ??). The
energy density of the external radiation U ′ext is proportional to Γ
2 (see ?). Then if Γ is
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approximately the same in different sources, the cooling rate is the same in FSRQs of
different power. In fact the same cooling rate implies the same relevant electron energies
and constant peak frequencies.
Furthermore the Compton dominance increases with total power in FSRQs. This can
be explained in terms of magnetic energy density U ′B decreasing with luminosity. The
ratio U ′ext/U
′
B , in fact, determines the value of the Compton dominance (see more details
in ?).
For BL Lacs, instead, the main radiation mechanism for the high energy hump is
the synchrotron Self-Compton process (see Section ??). It strongly depends upon the
synchrotron radiation energy density in the comoving frame that is an increasing function
of the observed luminosity. Therefore the cooling is not constant, but it is more severe in
more powerful BL Lacs. As a consequence, the energy of the electrons emitting at the SED
peak could be smaller (due to the larger cooling) in high luminosity BL Lacs, and both νS
and νC would be smaller.
Chapter 4
Photons and neutrinos from Blazars
In order to consider blazars as neutrino emitters it is necessary to fully understand the
physics behind the emission of the jet. The complex structure of an AGN makes hard the
reconstruction of the entire physical processes that happen close to the inner regions and
the central engine. Moreover, the nature, and then the composition, of the jet itself is still
unknown. A relativistic jet is a highly collimated outflows from a supermassive black hole
that transport matter, energy and momentum from the central engine to remote locations.
The essential ingredients of the emitting volumes we call "knots" and "hot spots" are:
a magnetic field (average value ≤ 1µG at large kpc scale distance, and 1−10 G close to
inner region, < pc scale), a rather broad (in energy) distribution of relativistic electrons
(and/or positrons) and photons. It is reasonable also the presence of cold (thermal) and/or
hot (relativistic) protons. Most of the published works on jet composition are based on
attempts to find evidence for the particle content: either pairs (e+−e−) or normal plasma
(p−e−) or a mixed composition. The detection of neutrinos coming from blazars could
give a boost to solve the question of jet content.
The spectral energy distribution of these objects puts some constraints to several
models that try to reproduce the observations. The first bump composing the SED is
produced by a population of relativistic electrons in the jets by synchrotron emission.
This is clearly indicated by the high degree of polarisation of the optical radiation. The
origin of the second component at high-energies is still under debate. The two competing
scenarios are the hadronic and the leptonic models. In the first one the relativistic protons
in the jet play a key role for the emission through pγ channel or proton synchrotron, while
the leptonic model attributes the origin of second bump to the electrons, by means of the
Inverse Compton (IC) scattering processes.
This Chapter provides a brief description of the most important physical ingredients
involved in the blazar phenomenology.
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Fig. 4.1 Plot of the relativistic Doppler factor δ as a function of the viewing angle θ, for
different values of Lorentz factor: Γ = 1 (blue line), Γ = 2 (dark green line), Γ = 5 (light
green line), Γ = 10 (yellow line), Γ = 15 (orange line), Γ = 20 (red line). At θ = 0 δ = 2Γ,
while at θ = 1/Γ δ= Γ.
4.1 Relativistic effects
In order to produce non-thermal spectra that extend up to TeV γ-rays, particles need
to be accelerated up to very high energies. We remand to Chapter 17 of ? for a detailed
discussion on the acceleration processes that can occur inside the jet. Here we want to
introduce the main effects of the relativistic motions of the jet.
4.1.1 Doppler factor
Owing to the relevance of the relativistic effects that impact on the emission of the jet,
it is suitable to introduce the main parameters that will be in use throughout the thesis.
Let’s consider a source moving with bulk speed β≡ v/c and Lorentz factor Γ≡ 1/
√
1−β2.
The emission properties as seen by an observer located at an angle θ with respect to
the direction of motion are strongly affected by both relativistic and Doppler effect. It is
useful to introduce the so-called relativistic Doppler factor that takes into account both
contributions and it is defined as
δ≡
1
Γ(1−βcosθ)
(4.1)
4.1 Relativistic effects 55
Table 4.1 Useful relativistic transformations
ν= ν′δ frequency
t = t ′/δ time
V =V ′/δ volume
sinθ = sinθ′/δ sine
cosθ = (cosθ′+β)/(1+βcosθ′) cosine
I (ν)= δ3I ′(ν′) specific intensity
I = δ4I ′ total intensity
j (ν)= j ′(ν′)δ2 specific emissivity
k(ν)= k ′(ν′)/δ absorption coefficient
where 1/Γ express the special relativistic component while 1/(1−βcosθ) is the Doppler
effect part. For Blazars usually the angle of view is assumed to be θ ∼ 1/Γ and then
cosθ ∼β and δ∼ Γ. Table ?? collects some of the most common transformations, useful
when dealing with high energy cosmic sources. In the table the fundamental quantities
used in high-energy astrophysical field are listed. Note that the observed frequencies, ν,
are Doppler boosted with respect to the ones emitted, ν′: ν= δν′.
Figure ?? shows the observed δ as a function of the viewing angle θ and for different
values of the Lorentz factor Γ.
4.1.2 Superluminal motion in jets and its consequences
High-resolution radio observations allow us to resolve individual emission components
(the so-called knots) within the relativistic jets of radio-loud AGN. In many of these objects,
these components appear to move across the sky with projected speeds faster than the
speed of light, in some extreme cases with apparent transverse speeds of v⊥ ∼ 50c. The
accepted explanation for this phenomenon was first proposed by ?. It turns out that this is
merely a consequence of the finite speed of light, and does not pose any contradiction to
special relativity.
Let us assume, as illustrated in Figure ??, that the radio knot moves with a relativistic
speed v = cβ along the jet, which is directed at a small angle θ with respect to our line-of-
sight. Now, consider the apparent speed at which an observer on Earth would see this
knot move across the sky between points A and B in Fig. ??. If l is the distance between A
and B, then the knot will move from A to B in a time (measured in the rest frame of the
AGN) ∆t = l/(βc). The projected distance across the sky is given by s = l sinθ = v∆t si nθ
. Now, consider that the light emitted from the knot at point A has to travel an extra
distance x = v∆t cosθ to reach the observer, compared to light emitted at point B. Hence,
the observer will see the knot moving from A at point B not in a time ∆t later, but only at a
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Fig. 4.2 Illustration of the geometry assumed to explain the superluminal motion of radio
knots in AGN.
time ∆tobs =∆t −x/c =∆t (1−βcosθ). Hence, the apparent motion across the sky which
the observer measures, is given by
v⊥ =
s
∆tobs
=
v sinθ
(1−βcosθ)
(4.2)
For any given value of Γ , there is a preferred angle at which the apparent speed is maxi-
mum. It is straightforward to show that this happens for
cosθsl =β (4.3)
This value of θsl is called the superluminal angle or critical angle.
At this angle, sinθ =
√
1−cos2θsl = 1/Γ, and the apparent transverse speed is therefore
v⊥(θsl)=
v/Γ
(1−β2)
= vΓ (4.4)
Hence, for any given value of Γ , the speed can apparently reach a value of above c (?). For
Blazar usually it is assumed that the angle of view is the critical angle, then θ ∼ 1/Γ and
δ∼ Γ assumes values in the range 10−20.
4.2 SED interpretation
Electromagnetic emission can be divided into two components: thermal and non-thermal
radiation. Thermal radiation is associated to particles, distributed in thermal equilibrium,
according to Boltzman law. In sources in thermal equilibrium and with the opacity τ>> 1,
outcoming radiation has the typical shape of a black body.
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Non-thermal radiation is associated to particles out of equilibrium, usually following a
power-law, originating from other processes, such as the movement of charged particles
in a magnetic field.
Blazars presents both thermal and non-thermal emission coming, respectively, from
disk, torus, BLR, or from the jet. Due to the geometry of Blazars, the non-thermal emission
of the jet usually dominates the thermal components from the inner regions.
4.2.1 Hadronic model
In hadronic models, both primary electrons and protons are accelerated to ultrarelativistic
energies, with protons exceeding the threshold for pγ photo-pion production on the soft
photon field in the emission region. While the low-frequency emission is still dominated
by synchrotron emission from primary electrons, the high-energy emission is dominated
by proton synchrotron emission (depending on the intensity of the magnetic field B), π0
decay photons, synchrotron and Compton emission from secondary decay products of
charged pions, and the output from pair cascades initiated through these high-energy
emissions intrinsically absorbed by γγ pair production (?, ?, ?,?).
The fast variability at high-energy that in some cases characterises blazar objects is
one of the main issues against the pure hadronic model, since the cooling time for protons
is characteristically very long. Moreover the classical "double bump" shape of the Blazar
SED is not well described by the hadronic radiation spectrum that is typically flat in νL(ν)
(see Figure ??).
Figure ?? show a lepto-hadronic model (?) fit on BL Lac PG1553+113 for the period
2005-2009 and the neutrino flux for the corresponding IceCube event (ID 17). The data
are obtained from ?.
Bethe-Heitler pair production
A process that competes with the photo-meson channel, but is dominant at lower energies,
is Bethe-Heitler pair production. In astrophysical environments, the process is more often
realized when ultrarelativistic protons collides with low-energy photons,
p+γ→ e++e−+p
The process is energetically allowed when
γpǫ>me c
2
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Fig. 4.3 SED of BL Lac PG 1553+113 for the period 2005-2009 and the neutrino flux for the
corresponding IceCube event (ID 17). The data are obtained from ?. Grey diamonds corre-
spond to the KVA minimum and maximum fluxes and orange circles are the Swift/UVOT
observations. Light and dark red diamonds are observations from Swift/XRT in 2005 corre-
sponding to an intermediate and high flux level, respectively. With light green circles (from
top to bottom) are plotted the average RXTE flux and the average 15-150 keV Swift/BAT
flux. Green circles represent the average Fermi/LAT spectrum (2008 August-2009 Febru-
ary) and black circles the MAGIC observations over the periods 2005-2006 and 2007-2009.
This figure shows the hadronic components: Bethe-Heitler spectrum (dashed pink line)
and the cascade from photomeson (dotted-dashed pink line). The proto-synchrotron is
missing. Also the leptonic model is plotted (dotted blue line). Credits: ?.
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where γp = Ep /mp c2 is the proton Lorentz factor, ǫ is the soft photon energy, and me is
the mass of electron. The maximum energy of the electron (positron) is determined by
the kinematics of the process
Ee,max =

4γ
2
pǫ, if me c
2 ≪ γpǫ≪mp c
2
mp c
2γp = Ep , if γp ≫mp c2
(4.5)
The pairs injected into the emitting region through this process have been computed
using the analytical formulae by ? (in which the Bethe-Heitler cross section is expressed
following the work by ?). For typical hadronic parameters of the emission region in a jet,
the pairs are energetic enough to trigger an electro-magnetic cascade. In figure ?? the
Bethe-Heitler contribute is clearly visible (pink dashed line called "pe"). We will see that
this component play a fundamental role in the lepto-hadronic model (see discussion in
the Chapter 8).
4.2.2 Leptonic model
In leptonic models, the radiative output throughout the electromagnetic spectrum is
assumed to be dominated by leptons (electrons and possibly positrons), while protons
that are likely present in the outflow, are not accelerated to sufficiently high energies to
contribute significantly to the radiative output. The high-energy emission is then most
plausibly explained by Inverse Compton scattering of low-energy photons by the same
electrons producing the synchrotron emission at lower frequencies (?, ?, ?, ?, ?).
We refer to ?, ? and ? for a standard description of the two main physical processes that
occur in the leptonic scenario: the synchrotron emission and the Inverse Compton one.
Here we want to introduce the main characteristics that are useful for the next discussions.
Synchrotron: Synchrotron emission is responsible for the peak in the UV to X-ray range.
In other words, the first peak on the Blazar SED is well described by the synchrotron
emission of relativistic electrons inside the jet.
The average synchrotron power emitted, PS , by a single electron assuming an isotropic
distribution, is given by:
Ps =
4
3
σT cUBγ
2β2 (4.6)
where σT is the Thomson scattering cross section, UB is the magnetic energy density, γ
and β are respectively the particle Lorentz factor and the velocity of the particle (?).
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Inverse Compton: The Inverse Compton (IC) scattering is a physical process that occurs
when the electron is in motion and can transfer some of its energy to a photon with less
energy. There are two regimes in which the Inverse Compton scattering can happen, that
are called the Thomson and the Klein-Nishina regimes. The latter case, occurring when
the energy of the target photon in the frame of the electron is of the order of me c2, is quite
complex, a quantitative treatment is reported in ?. In the Thomson regime, the energy loss
rate of the electron is given by
PIC =
4
3
σT cUradγ
2β2 (4.7)
Note the similarity with the synchrotron energy loss. The radiation energy density Urad is
related to the luminosity Lrad by
Urad =
Lrad
4πR2c
This relation is valid if we measured Urad outside the source, at a distance R from its center.
Even if the leptonic model can fit well the SED of blazars, a pure leptonic model can’t
explain the emission of neutrinos. A lepto-hadronic model is then the only way to ex-
plain both the shape and the fast variability of the electromagnetic SED and the neutrino
emission from Blazars. In our work we will use this scenario in which the electromagnetic
SED is dominated by the leptonic emission but the jet is able to accelerate protons at
high-energies to produce neutrinos detectable by IceCube. Among leptonic models there
are different scenarios that require both one zone model and multi-zone model.
Synchrotron Self Compton: The most popular one zone model is the Synchrotron
Self-Compton (SSC) scheme (see e.g. ?). The SSC model assumes that target photons
involved in the Inverse Compton are those emitted by synchrotron radiation by the same
relativistic electrons with which they scattered via IC. With this assumption the two peaks
of the SED are strongly linked due to the fact that the electron population that produce
the synchrotron peak is the same that scatter to produce the second peak. This model
involves few parameters and at present it is the most constrained model for BL Lacs.
Figure ?? shows the resulting SED models, for Mkn421, obtained with two variability
timescales: tvar = 1 day (red curve) and tvar = 1 hr (green curve). The model describes very
satisfactorily the entire measured broadband SED (?). This model is able to extract the
main characteristics of the jet, as the value of the magnetic field, with few considerations.
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Fig. 4.4 SED of Mrk 421 with two one-zone SSC model fits obtained with different minimum
variability timescales: tvar = 1 day (red curve) and tvar = 1 hr (green curve). Credits: ?.
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In fact, the ratio between the two peak frequencies νIC/νS allows to find B ′δ:
B ′δ=
3πme c
2e
ν2S
νIC
(1+ z)
In the SSC model it happens that relativistic electrons are in a region with some radiation
and magnetic energy densities. Then they will emit by both the synchrotron and the
Inverse Compton scattering processes. The ratio of the two luminosities will be:
LS
LIC
=
PS
PIC
=
U ′B
U ′rad
External Compton: Another popular leptonic model is the External Compton (EC) in
which the target soft photons for the IC scattering do not originate in the jet, but are
preferentially provided by the central region of the AGN: directly from the accretion disk
or reprocessed by the BLR or by the torus. The photons emitted from the disk may interact
with the gas clouds in two ways: they can be simply reflected by free electrons (Thomson
scattering) or absorbed and reemitted, mainly in the broad optical lines. The energy
density of this external radiation as seen in the blob rest frame is amplified by a factor
Γ
2. For this reason in some cases this radiation can be dominant in comparison with the
synchrotron one produced inside the jet. The EC model is particularly suitable to model
FSRQs. In fact, according to the blazar sequence, the second peak of the the FSRQ SED is
typically higher than the synchrotron one. A good explanation is given by the EC since in
addition to the SSC model, the radiation of the BLR (if the distance of the blob d is less of
∼ 0.2 pc) or of the torus (d >1 pc) can be involved in the high energy component. Figure ??
shows the overall optical to γ-ray SED of the FSRQ 3C 454.3 at five different epochs during
2009 November and December and an additional one ("low") representative of a low
γ-ray state. We can see the large variability amplitude of the γ-ray flux, which spectrum
is instead remarkably less variable ?. In the case of BL Lacs, instead, the poor radiation
environments allows one to neglet external targets to produce γ-ray photons. However
there is the possibility to consider the photons coming from the inefficient disk (ADAF) as
external radiation that can interact with both relativistic electrons and protons inside the
jet (see Chapter ??).
Multi-zones: Concerning multi-zone models, we refer to those models that consider
contributions from different regions of the jet where the physical parameters can assume
different sets of values. This kind of models are more complex and usually with more
parameters. This can allow to reach more easily an agreement with the observations. As
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Fig. 4.5 The SED of 3C 454.3 at six selected epochs: 2009 November 6 and 27; 2009
December 1, 2 and 3 plus the previous "low" γ-ray state (see text). The different SED
are labelled. The result of the modelling, including the accretion disc component, its
X-ray corona contribution and the IR emission from the torus (dashed black lines) are
also shown. For the SED of November 6, it shown, for illustration, the contribution of the
EC and SSC components. Note that both are necessary to explain the X-ray spectrum,
according to the modelling. Credits: ?.
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an example of inhomogeneous model, the spine-layer model (?) assumes that the jet
is structured in a inner, faster and narrower spine and a surrounding, slower and less
collimated layer, reproducing within the jet the structure observed in VLBI radio maps. In
Chapter ?? a more detailed description of this model is presented.
The pure leptonic model cannot explain blazar as neutrino emitters. There are several
lepto-hadronic models to explain both electromagnetic, neutrinos and in some cases also
cosmic-ray spectra. In the following sections and Chapters we present lepto-hadronic
models in which the same photons involved in the interaction with relativistic electrons
are also involved in the pγ reaction. In this way the electromagnetic SED can be dom-
inated by the leptonic emission, but at the same time the neutrino production is also
possible. A reasonable assumption on this model is that the accompanying UHE γ-ray
photons (from π0 decay and emitted by the e± pairs from the charged pions decay) are
readily reprocessed through electromagnetic cascades, leaving the sources as a low-level,
flat, MeV-GeV component.
4.3 Neutrino production in Blazars
In Section ?? the main channels to produce high-energy neutrinos are explained. Due to
the environment rich of photons, the pγ interaction is dominant in Blazars. Relativistic
protons accelerated inside the jet can interact with photons of the jet itself or coming
from external regions. Here we want to focus on the main features of this channel and the
photons involved in this process. In the following we derive the ν emission calculated with
simple assumptions, showing the different shapes of the neutrino spectrum by varying
the main parameters.
4.3.1 Photomeson production efficiency
The photomeson production efficiency fpγ is a parameter depending on the proton
cooling time tpγ(Ep ) and the time on which protons escape from the region of neutrino
production1 or loose energy through adiabatic expansion. It is determined by the ratio:
f ′pγ(E
′
p )=
t ′dyn
t ′pγ(E
′
p )
(4.8)
1All physical quantities as measured in the jet comoving frame are primed.
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where t ′dyn ≈ R/c is the dynamical timescale, R is the radius of the region of proton
acceleration, and t ′pγ(E
′
p ) is the energy loss timescale for protons via pγ channel.
In particular the inverse of the photo-meson cooling time is given by:
t−1pγ(E
′
p )= c
∫∞
ǫth
dǫ
n′t (ǫ)
2γ′pǫ2
∫2ǫγ′p
0
dǫrσpγ(ǫr )Kpγ(ǫr )ǫr ; (4.9)
where nt is the numerical density of the photons target that here is assumed as isotropic,
γ′p = E
′
p /mp c
2 is the proton Lorenz factor, and ǫth is the threshold energy of the process.
The cross section σpγ and the inelasticity Kpγ of the approximation, provided in ??, can
be used to solve the integral of equation ??.
For a better understanding of equation ?? we report the calculation proposed in ?.
Assuming a generale spectral number density nt (ǫ,Ω)= d Nt /dǫdΩdV , they derive the
photohadronic interaction rate N˙sc for ultrarelativistic hadrons in a radiation field, as
given by:
N˙sc(γp )= c
∮
dΩ
∫∞
0
dǫ(1−βpµ)nt (ǫ,Ω)σpγ(ǫr ) (4.10)
where µ = cosθ, with θ the angle between the direction of the interacting photon and
proton and ǫ= hν/me c2. In an inelastic collision, for example the pion production, an
ultrarelativistic proton loses, on average, a fraction K (ǫr ) of its original energy (as seen in
Section ??). Then the equation ?? can be written as:
t−1pγ(γp )= c
∫∞
0
dφ
∫+1
−1
dµ(1−βpµ)nt (ǫ,Ω)σpγ(ǫr )Kpγ(ǫr ) (4.11)
in which the only difference between the previous equation is the presence of Kpγ(ǫr ) and
the division of the integral in the solid angle Ω into the two angles φ and θ. Assuming
now an isotropic radiation field, nt (ǫ,Ω)= nt (ǫ)/4π and ultrarelativistic protons, γp ≫ 1,
βp → 1, and rewriting the integral in the variable µ as depending on ǫr using the relation
between the two variables: ǫr = γpǫ(1−βpµ), we obtain equation ??.
4.3.2 Neutrino spectrum
A good approximation of the neutrino spectrum is given by:
EνLν(Eν)≈
3
8
fpγ(Ep )Ep Lp (Ep ) (4.12)
where 3/8 is the fraction of the proton energy given to neutrinos (?). As already said, in this
case, the neutrino spectrum depends on the proton energy distribution but also on the
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photon target spectrum. The dependency of the photon spectrum is contained into fpγ.
In fact, the energy loss timescale for protons tpγ depends on the target photon density
nt (ǫ) and on the energy threshold (see Section ??). The consequence is that the spectrum
of neutrinos does not simply follows the shape of proton spectrum.
As already said, the complex structure of Blazars ensures that there are several emitting
components that can produce the photon target for the relativistic protons inside the
jet. In the following we show the main hypothesis taken into consideration in literature.
Due to the different structures, that characterised the two subclasses of Blazar, we will
distinguish FSRQs from BL Lacs.
4.3.3 Cosmic ray spectrum
To calculate the neutrino spectrum coming from a source (blazar in our case) it is necessary
to do some assumptions about the CR spectrum involved in the pγ reaction.
It is reasonable to assume that the population of CR (protons) distribution is parame-
terised by a cut-offed power-law:
Lp (Ep )≈ kp E
−n
p exp
(
−
Ep
Ecut
)
(4.13)
The main parameters are:
• Lp : the total injected luminosity of relativistic protons. Lp =
∫Emax
Emin
Lp (Ep )dEp ;
• n: the spectral index;
• Emin,max: the upper and lower limit of the energy of relativistic protons involved in
the photomeson production.
4.3.4 Target photons spectrum
As sketched in Figure ??, the neutrino emission can result from the interaction of p with
non-thermal photons in the jet, or with external photons. In the following each component
is studied independently for both FSRQs and BL Lacs.
Non-thermal component
With non-thermal component we refer to the radiation produced in the jet, that is the
synchrotron radiation (and the Inverse Compton emission in some cases) produced by
relativistic electrons in the jet. The synchrotron emission is clearly visible in the SED for
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both FSRQs and BL Lacs. Usually this component can be approximated by a power-law
as reported in equation ??. In this model the photon target density is fixed (mostly of
the times), while the parameters detailing the relativistic protons population involved
in the pγ interaction are free. In particular the main parameters that affect the neutrino
spectrum are:
• Rjet: the radius of the blob inside the jet in which the interaction pγ is assumed to
take place. Consequently the distance from the SMBH of this blob is assumed to be
d ≈Rjet/θjet ≈RjetΓ since θjet ≈ 1/Γ (see Section ??)2.
• δ: the Doppler factor that is the same for the entire jet (we are assuming a one zone
model) is usually suppose to be δ∼ 15−20 in the case of FSRQs and δ∼ 10−15 in
case of BL Lacs.
• n: The spectral index of equation ??. In general we assumed 2 < n < 3. The max-
imum limit coincides with the spectral index observed in the CR-rays spectrum
between the knee and the ankle.
• Ecut: The cutoff energy of equation ??. This parameter fixes also the maximum value
of energy of the CRs involved in the interaction with the target photons. It is usually
fixed in a range 1017 eV< Ecut < 1019 eV.
A distinction between FSRQs and BL Lacs is necessary because of their different pro-
prieties.
FSRQs To apply this model to the subclass of FSRQs we consider the same sample
used for the blazar sequence 2.0. We select those blazars listed as "FSRQ" in the 3FGL
catalogue and with known redshift z. A classification for five luminosity bins (from
1044 erg s−1 < LLAT < 1045 erg s−1 to LLAT > 1048 erg s−1) was performed for these 448
FSRQs. For each luminosity bin we used the formulae in section ?? to find the average
SED showed in fig. ??.
In section ?? the main characteristics of the blazar sequence 2.0 have been already
discussed. Here we remark only that FSRQ form a sequence, but only in Compton domi-
nance (the ratio between the two frequency peaks of the SED) and in the X-ray slope. They
do not become redder when more luminous. Then the synchrotron emission from FSRQs
seems to not change shape and position for different luminosity bins. This means that for
2Note that we are assuming to be at the superluminal angle θjet = θsl.
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Fig. 4.6 FSRQs sequence. The different curves represents a different luminosity bin, from
FSRQs with LLAT > 48 (blue curve) to 44< LLAT < 45 (dark red curve) in steps of 10.
equal proton spectrum the neutrino spectrum for different luminosity bins will have the
same shape (but different levels).
Fig. ?? shows different neutrino spectra changing the main parameters. For all four
spectra the fixed parameters are:
• The cosmic-ray luminosity Lp = 1045 erg s−1. Even if keeping this parameter fixed is
not physically realistic, this allows to have an idea of the importance of the target
photon distribution. A more realistic scenario is given in the next section;
• The radius of the blob containing the protons Rjet = 1016 cm;
• The minimum energy of the accelerated protons inside the jet that can be involved
in the photomeson reaction, Emin = 3×1011 eV. This parameter is important because
it is linked with the total injected luminosity of the protons Lp . In fact protons at
low energy do not contribute to the high-energy neutrino emission (Ep ≈ 20Eν).
However, due to the distribution of protons assumed (equation ??), the choice of
Emin is dictated to do not have a too large proton power.
The parameters that change between the four spectra are then: n, Ecut and δ. In
particular, solid lines are derived using: n = 2, Ecut = 1017 eV and δ= 20. The variation of
the spectral index of cosmic rays n implies a reshaping of the neutrino spectrum. This
is shown in the short-dashed line in which n = 2.7 (the others parameters are fixed).
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Fig. 4.7 Neutrino spectra for different luminosity bins of FSRQs. Each colour corresponds
to the bins in figure ??. On the basis of the parameters fixed to build the solid line, short-
dashed line varies n, three-dotted dashed line varies Ecut while long-dashed line varies
δ.
As already said, Ecut changes the maximum energy of the protons involved in the pγ
reaction. Three-dotted-dashed lines show the neutrino spectrum using Ecut = 1019 eV. In
this case the photons involved in the photo-meson reaction can have higher energy and
as a consequence, also photons at lower energies can intervene in the interaction, as clear
from the energy threshold equation already presented in Equation ??:
ǫ≃
1017
Ep
eV
If Ep = 1019 eV, the photons with minimum energy involved in the reaction are photons
with ǫ ≃ 10−2 eV which corresponds to mid infrared photons (∼ 1012 Hz). The slope
variation of the neutrino spectrum at∼ 108 GeV reflects the spectrum of the target photons.
For this reason the neutrino spectrum change slope at high energies.
In the last neutrino spectrum (long-dashed line) only the Doppler factor parameter is
changed, δ= 15. The neutrino spectrum shifts only in energy with a weak variation of the
shape.
Fig. ?? is useful to understand the effect of the main parameters to the shape of the
neutrino spectrum. It stands to reason that the real situation should be more complicated.
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Fig. 4.8 BL Lacs sequence. The different curves represent a different luminosity bin, from
BL Lacs with LLAT < 1043 erg s−1 (blue curve) to 1047 erg s−1 < LLAT < 1048 erg s−1 (dark red
curve).
For example a more physical scenario could be described by the variation of Lp between
the different luminosity bins of FSRQs.
BL Lacs A similar analysis can be carried out for BL Lacs. Also in this case the blazar se-
quence 2.0 presents a trend specific for BL Lac SEDs. The main difference with the previous
case is that the synchrotron shape of the BL Lac SEDs varies for different luminosity bins.
A main result of the blazar sequence 2.0 is, in fact, that the position of νS and νC changes
for BL Lacs. The synchrotron peaks from IR region to high luminosity: νS = 8×1011 Hz for
1047 erg s−1 < LLAT < 1048 erg s−1 while νS = 8×1016 Hz for LLAT < 1043 erg s−1 (see Table
1 of ? for details). Differently from the FSRQs case, now we expect a dependence of the
neutrino spectrum on the lumimosity bins of BL Lacs even for a fixed CR spectrum. Fig. ??
shows the average SEDs for the 299 BL Lacs selected from the 3FGL catalogue as already
presented in ?. The variation of the shapes for the different luminosity bins is evident.
As in the analysis of FSRQs, we fixed some parameters. The fixed parameters are, as
in the case of FSRQs: Lp = 1045 erg s−1, Rjet = 1015 cm and Emin = 3×1011 eV. Note that
in this case Rjet is a factor 10 lower than the case of FSRQs. In fact, consider a small Rjet,
allows us to maximise the neutrino emission. Moreover, in contrast to FSRQs, in BL Lac
objects fast variability is observed (?). This suggests that the region of emission is smaller
than the FSRQs one. The other parameters are chosen as follows:
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Fig. 4.9 Neutrino spectra for different luminosity bins of BL Lacs. Each colour corresponds
to the bins in figure ??. On the basis of the parameters fixed to build the solid line, short-
dashed line varies n, three-dotted dashed line varies Ecut while long-dashed line varies
δ.
• solid line: δ= 10, n = 2, Ecut = 1017 eV
• short-dashed line: δ= 10, n = 2.7, Ecut = 1017 eV
• three-dotted-dashed line: δ= 10, n = 2, Ecut = 1019 eV
• long-dashed line: δ= 15, n = 2, Ecut = 1017 eV
Note that the last two luminosity bins at high energies are likely contaminated by FSRQs
wrongly classified as BL Lacs. Unlike the FSRQs case, here the neutrino spectra present
different shape due to the photon target trend. The low luminosity bins do not present a
change of the slope at ∼ 107 GeV. This because the synchrotron peak is less pronounced
and then the shape of the photons involved in the pγ luminosity does not present any
pronounced peak as in the case of the high luminosity bins or the FSRQs case.
There is another way to classify BL Lacs given by the Fermi Collaboration. Due to the
shift of the peaks in the SED sequence, BL Lacs can be divided according to the position of
the synchrotron peak νS . In this classification there are three different subclasses:
• Low synchrotron peak BL Lacs (LSP or LBL) in with νS < 1014 Hz.
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• Intermediate synchrotron peak (ISP or IBL), in which 1014 Hz < νS < 1015 Hz.;
• High synchrotron peak (HSP or HBL) with νS > 1015 Hz.
This classification is unrelated to the gamma-ray band luminosity, LLAT, as the classi-
fication in the blazar sequence. Then it is not properly correct to associate the lumi-
nosity bins 1047 < LLAT < 1048 erg s−1 and 1046 < LLAT < 1047 erg s−1 to the LSP BL Lacs,
1045 < LLAT < 1046 erg s−1 to ISP and the last two bins to HSP, even if the majority of objects
owned these bins respect the Fermi classification. A more accurate discussion about this
Classification is done in Section ??. There we performed the same analysis on neutrino
emission using as photons target the average SED of LSP, ISP and HSP BL Lacs.
External Photons for FSRQs
In the case of FSRQs, external radiation such as the BLR and the tours radiation can
interact with relativistic protons inside the jet and trigger the photomeson reaction. For
BL Lacs the situation is more complex and we will discuss the potential external radiation
field in the next chapter.
BLR Section ?? already presents a description of the broad line region as composed by
clouds of ionized plasma surrounding the inner region of an AGN. These clouds are visible
thanks to the broad emission lines in the optical spectrum. We will consider the BLR
radiation significant for the neutrino production only in FSRQs. In the case of BL Lacs
the emission lines in the optical spectrum are weak or even missing, leading to suppose
that the accretion flow is inefficient. The BLR luminosity is strongly linked to the disk
luminosity of the AGN.
The BLR is assumed to be a shell at a distance:
RBLR = 10
17L1/2d,45 cm (4.14)
where, for simplicity we consider the bolometric disc luminosity Ld,45. This implies that
the energy density of the line photons for an observer at rest with the black hole is constant:
UBLR = fBLR
Ld,45
4πR2BLRc
= 2.65×10−2 erg cm−3 (4.15)
where fBLR is considered to be 0.1 and it is the fraction of Ld reprocessed in lines, especially
the Lyman α line, and the continuum. The spectral shape of the BLR observed in the
comoving frame of the jet can be approximate as a blackbody peaking at a factor Γ times
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the rest-frame frequency of the Lyman α line (see ? and ? and ? for further details). The
energy density within RBLR in the rest frame,
UBLR(ν)= ξ
2hν3
c2
1
e
hν
kT −1
(4.16)
where T is the temperature of the blackbody, and ξ is a normalization factor and it can be
determine from equation ?? and ??:
ξ=
UBLR∫∞
0 UBLR(ν)
dν
Finally an observer comoving with the jet emission measures U ′BLR given by:
U ′BLR =UBLRΓ
2 (4.17)
To represent the energy density of the BLR we chose T = 104 K that corresponds to a
blackbody with a peak (in νFν), in the comoving frame, around a frequency νBLRpeak =
2×1014ΓHz (see ? for a detailed discussion).
Torus An analogous discussion can be performed for the torus. Also in this case the
shape can be approximated with a blackbody radiation with a temperature in the infrared
band. We select T = 103 K to have a blackbody peaking at νIRpeak = 2×10
13 Hz.
We approximate the result of ? by assuming that the torus reprocesses half of the disc
radiation (corresponding to an opening angle of 60◦). The typical distances of the torus,
RIR , is assumed to scale as L1/2d , yielding a constant temperature (∝ L/R
2
IR ). From the
result of ? we then set
RIR = 10
18L1/2d,45 cm
and the corresponding radiation energy density, as measured in the jet comoving frame, is
U ′IR = fBLR
Ld,45Γ
2
4πR2BLRc
= 3×10−4 erg cm−3 (4.18)
Fig.?? shows the spectra for a typical source of the luminosity bin LLAT > 1048 erg s−1. The
grey dots are the data of 3C 454.3, one of the most studied FSRQ in this bin. The black line is
the average SED of this bin calculated in the FSRQ sequence. The blackbody approximate
emission of the BLR (dotted line) and the Torus (dotted-dashed line) are shown. Three
neutrino spectra are also shown. Assuming a proton spectrum with Lp = 1045 erg s−1,
n = 2, Ecut = 1017 eV, Emin = 1011 eV and with a Lorentz factor Γ= 20, we use as photon
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Fig. 4.10 SED for a typical FSRQs belonging to the luminosity bin LLAT > 1048 erg s−1.
Grey dots are the data of 3C454.3, black line shows the average SED of this luminosity
bin derived with the phenomenological model. The two dotted line are respectively the
blackbody spectrum of the BLR and the corresponding neutrino spectrum. Dotted-dashed
lines are respectively the torus and its neutrino spectrum. Dashed line is the neutrino
spectrum using as photon target the synchrotron radiation of the jet. Red and green lines
are the expected neutrino spectrum inside and outside the BLR.
targets the BLR radiation (dotted line), the torus emission (dotted-dashed line) and the
synchrotron radiation of the jet (dashed line). The influence of the external radiation to
the neutrino output depends also on the distance position, d , of the emitting blob. If
d <RBLR the neutrino spectrum output is influenced by all three components and the final
output is reported with the red line shown in figure ??, while the green line is the neutrino
spectrum in case d > RBLR. In fact in this case the BLR photons cannot be involved in
the interaction with protons, and then only the external photons from the torus and the
synchrotron ones intervene on the reaction.
Chapter 5
Spine-Layer Model
In the previous chapter the link between electromagnetic SED and neutrino emission is
presented. The assumption that blazars are neutrino emitters, binds the characteristics
of the interpretative model. In particular, even if the pure leptonic model (typically
the Synchrotron Self-Compton) reproduces well the blazar SED data, it cannot explain
the neutrino emission due to the fact that the main ingredient to produce high-energy
neutrinos are relativistic protons. On the other hand, a pure hadronic model is not always
able to mimic the electromagnetic emission of the Blazar, or some of its characteristics
such as the rapid variability. Lepto-hadronic (LH) models, in which both electrons and
protons are accelerated in the jet, are introduced to explain both EM and neutrino SED.
There are several LH models that can be applied, in which the main difference is the
photon target interacting with relativistic particles. In the previous chapter a LH model
in which both relativistic leptons and protons interact with synchrotron radiation of the
jet was presented. In this case FSRQs and BL Lacs present a different neutrino spectrum
due to the differences between the photon target spectra. Another model, applied in the
previous chapter to FSRQs, is to use as photon target for the pγ reaction the radiation
emitted by external environment of the jet such as BLR and Torus. The result is that the
expected neutrino luminosity is higher than the one produces with synchrotron emission
due to relativistic effects and the high photon target density observed by protons inside
the jet. In this chapter we want to investigate alternative LH models for BL Lac objects to
explain both EM and neutrino emission. Initially, the focus on BL Lac object as neutrino
emitters was motivated by the results presented in ?. Authors showed that there is a
weak spatial correlation between neutrino direction and BL Lac object detected above 50
GeV by Fermi (BL Lacs of the 2FHL catalogue). This, together with the results presented
by ?, lead us to consider BL Lac as main neutrino emitters. In particular ?, shows the
possibility to reproduce the whole neutrino spectrum observed by IceCube exclusively
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Fig. 5.1 VLBA 2 cm logarithmic false-color image of the M87 jet.
with the BL Lac objects if the jet is structured. In fact, the jet can present two different
Lorentz factor: one for the fast inner region, and another for the slower layer. We show the
theoretical and observational evidences supporting the existence of this structure, called
spine-layer. This model can be used to explain the γ-ray emission, the second peak of
the SED, assuming that synchrotron radiation produced by leptons in the layer interact
with relativistic electrons in the spine, but also to produce high-energy neutrinos, using
relativistic protons in the spine.
5.1 Observations
The bright and rapidly variable TeV emission of BL Lacs implies that at the scales where
this emission originates, the jet should be highly relativistic. This is necessary in order
to avoid the absorption of TeV photons by the IR radiation produced co-spatially to the
TeV emission (?, ?). Since the small angle of view of blazars does not allow to study in
detail the longitudinal structure of their jet, it is convenient to observe the jet features of
their parent population, the radiogalaxies, in order to understand the jet emission. There
are several observations supporting the unified model in which the parent population of
FSRQs are FRII, while FRI are the corresponding radiogalaxies of BL Lacs (?).
Recent observational evidence coming from high resolution radio observations, sug-
gests the presence of a structure of the jet (?, ?, ?, ?). This observational and phenomeno-
5.2 Theoretical model 77
logical arguments are supported also by numerical simulations (?). A nice example is
given in ? in which the peculiar galaxy M87 in the Virgo Cluster was observed with the
NRAO Very Long Baseline Array (VLBA, ?) at 2 cm wavelength. M87 is one of the closest
radio galaxies, and as such it has one of the few jets which can be well-resolved on sub-
parsec scales in a direction transverse to the flow. A detailed study of the morphology at
different wavelength was performed in ?. High dynamic range images constructed from
observations made in the year 2000 describe the two-dimensional structure of the jet out
to nearly 0.2” (16 pc) and show the presence of a faint counterfeature. This is visible in
Figure ?? where the 2 cm image constructed from observations made with the VLBA plus
one VLA antenna is shown. A tapered image, made with twice the beam size from the
same data, shows structure out to nearly 0.2”. As seen in Fig. ??, the jet appears bifurcated,
starting at about 0.4 pc from the core, characteristic of a limb-brightened cylindrical or
conical jet. The M87 jet appears to be highly collimated, with re-collimation observed
between 2 pc where the opening angle is about 16◦, and 12 pc where the opening angle is
only 6◦ to 7◦.
Similar results were obtained for NGC 1275 (?), other radiogalaxies (?, ?, ?) and also
the BL Lac Mkn 501 (?).
The observation of a limb-brightened structure suggests, then, the presence of a faster
central core and a slower sheath for the inner jet.
Apart from observational evidence, a spine-layer configuration for the jet has been
proposed in the past on the basis of theoretical arguments (?). In addition, the existence
of a velocity structure has also been suggested to explain some observed properties of
radiogalaxies, such as their magnetic field configuration (?, ?), and to overcome problems
in unifying radiogalaxies with BL Lac objects (?).
5.2 Theoretical model
From the previous section it is clear that there are observational evidences of the presence
of a structure of the jet in BL Lacs. ? proposed that if the entire jet is rapidly decelerating
in the γ-ray zone, then the base of the jet, still moving fast, will see the radiation produced
at the end of the deceleration zone relativistically boosted. This "extra" radiation will
favour inverse Compton emission, making it possible to derive less extreme values for the
physical parameters with respect to a pure one-zone SSC model. There is an alternative
hypothesis that the jet is structured not in the radial, but in the transverse direction, being
composed by a slow layer and a fast spine. This alternative model is presented in ?. Here
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Fig. 5.2 Cartoon illustrating the spine-layer SED at different viewing angles.
we want to give the main informations of this model presented in ? and relevant for our
application.
The structured jet can be approximated as a structure of two coaxial cylinders: the
external hollow cylinder for the layer and the inner cylinder for the spine. Since the plasma
inside the two cylinders moves at different velocities, Γs > Γl are the Lorentz factors of the
spine and of the layer and cβs and cβl are the corresponding velocities, we will distinguish
the different frames with no primes for the observer frame, primed quantities in the rest
frame of the spine and double primed quantities in the frame of the layer.
Fig. ?? represents a schematic view of the spine layer structure as seen by an observer
to the Earth. Due to the different Lorentz factor of the jet regions, the beaming angle of
the jet is different (remember that θ ∼ 1/Γ). For angles of view θ < θs , the spine region is
brighter that the layer (upper right schematic SED). This corresponds to the first part of
the jet of Figure ??. At larger angles of view, instead, the observer cannot see the deboosted
spine emission, but for θs < θ < θl the layer is still visible.
Fig. ?? illustrates a cartoon of the the assumed geometry for the spine-layer model. We
consider a cylinder for the layer with an external radius R2, internal radius R and width
∆R ′′
l
, as measured in the comoving frame of the layer. The comoving volume of the layer
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Fig. 5.3 Cartoon illustrating the spine-layer model.
is then V ′′
l
=π(R2−R)2∆R ′′l . For the spine, instead, the inner cylinder has the same R and
a width ∆R ′s , as measured in the comoving frame of the spine. The active volume of the
spine is then V ′s =πR
2
∆R ′s .
Since the spine and the layer move with different Lorentz factors, the radiation emitted
by the spine (layer) is seen boosted by the layer (spine). With respect to a comoving
observer at the same distance from the spine (layer), the radiation energy density is
enhanced by a factor ∼ (Γ′)2, with Γ′ given by
Γ
′
= ΓsΓl (1−βsβl ) (5.1)
Both structures emit by the synchrotron and the inverse Compton processes. The energy
distribution of the emitting electrons, N (γ), is assumed to extend down to γmin, and to
have the shape:
N (γ)=

Kγ
−n1
[
1+
(
γ
γb
)n1−n2]
e
−
γ
γcut ; if γ> γmin
0; if γ≤ γmin
(5.2)
The normalization (i.e. K ) of this distribution is found by imposing that N (γ) produces a
given intrinsic synchrotron luminosity, which is an input parameter of the model.
As a consequence of the structure of the jet there is the influence that one region
has to the other and viceversa. This feedback increases the inverse Compton flux, since
both the spine and the layer see an enhanced radiation energy density. Furthermore,
while the synchrotron and the SSC emission in the comoving frame are assumed to be
isotropic, the inverse Compton process between electrons of the layer (spine) and seed
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photons produced by the spine (layer) is highly anisotropic. In fact, ? found the pattern
of the emitted radiation from a moving blob immersed in a bath of seed photons (e.g.
corresponding to the radiation produced by the broad line region of a powerful blazar),
and pointed out the fact that in this case the external Compton radiation is more beamed
than the synchrotron and SSC emission.
In our case the component contributing to the external radiation (from layer to spine
and viceversa) is not at rest with respect to the distant observer, but moves. To find the
pattern of the emitted radiation it is convenient to move to the comoving frame of the
emitter of the seed photons. As already shown in Section ??, the Doppler factor δ is a
parameter that allows to consider the relativistic effects. It is defined in equation ?? as
depended on the Lorenz factor Γ and the viewing angle θ. Note that in this scenario the
situation is more delicate and Γ and θ are to be consider according to the frame we are
considering. Furthermore we defined δl ,s (δs,l ) as the beaming factor of the radiation
produced in the layer (spine) as observed in the spine (layer).
Consider now the seed photons produced by the layer, and an observer comoving with
the layer. In this frame, the spine is moving with Γ′, and the photon frequencies produced
by the spine are blueshifted by the Doppler factor δs,l . Going to the frame of the distant
observer, these photons are further blueshifted by δl . But the distant observer will see the
same photons blueshifted by δs . This implies δs,lδl = δs = 1/δl ,s (further details can find
in ?).
In the frame of the spine the external Compton radiation produced by the layer follows
a pattern∝ δ4+2α
l ,s (see details on ?, where α is the spectral index of the emission [F (ν)∝
ν−α], while the synchrotron and SSC emission follow the usual pattern∝ δ3+α
l ,s . If I
′(ν′) is
the monochromatic intrinsic intensity produced by the spine, we have
I (ν)= I ′(ν)δ4+2αl ,s δ
3+α
s = I
′(ν)δ3+αs
(
δl
δs
)1+α
; (EC)
I (ν)= I ′(ν′)δ3+αs ; (S,SSC)
(5.3)
An example of application of this model to the most studied TeV BL Lacs object is given
in ? in which the authors reproduce the SED of Mkn 421. As already said in section ??, the
one-zone SSC model parameters are uniquely specified once the SED bumps (namely,
peak frequencies and luminosities) and the variability time-scale are well characterized (?).
The latter observable determines the value of the source size, through the causality relation
R ≈ ctvarδ/(1+z). The values of the peak frequencies and luminosities can be linked to the
other physical parameters, most notably the magnetic field and the particle density and
energy. Fig. ?? left panel, provide an excellent description of both the synchrotron and the
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Fig. 5.4 SED of Mkn 421 (black, from Abdo et al. 2011) reproduced with the SSC model
(left panel) and spine-layer model (right panel). Left panel: The violet and orange solid
lines show the theoretical SED calculated with the SSC model for two different value of
the variability time-scale with the parameters. Right panel: The dashed blue line shows
the emission from the layer. The magenta dotted line reports the SSC emission from the
spine (?).
IC peak. On the other hand the same SED can be well fitted by a spine-layer model (see
? for details about the parameters used). In this case the large radiation energy density
available for the IC emission – provided by the layer – increases the IC luminosity and
allows one to reproduce the SED in equipartition conditions.
5.3 Neutrino emission
For simplicity (as in ?), for the study of neutrino emitters considering the spine-layer
model, we will not take into account the fact that the radiation field of the layer in the spine
frame (dominating the photo-meson reactions) is anisotropic (?). With this approximation
the target radiation field of the layer in the observer frame can be parameterized by a
smoothed broken power-law function with indices α1, α2:
L(ǫ)=K
(
ǫ
ǫ0
)−α1 [
1+
(
ǫ
ǫ0
)α1−α2]
(5.4)
whose normalization K is given by the total observed luminosity Lt =
∫
L(ǫ)dǫ, while ǫ0 is
the SED peak energy.
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Fig. 5.5 Luminosities of the different components in the observer frame for models 1 (bot-
tom) and 2 (top). The solid green line shows the layer soft emission while, for comparison,
the black dashed line is the blazar spectrum template (assumed to be emitted by the
spine). The violet long-dashed line shows the spectrum of the high-energy protons. The
solid red and the dotted blue lines show the luminosity of neutrinos (all flavors) and γ
rays produced through photo-meson reactions. For comparison, the cyan solid line shows
the neutrino luminosity considering the internal synchrotron photons as targets for the
photo- meson reaction.
5.3 Neutrino emission 83
The corresponding photon number density in the layer frame is
n′′(ǫ′′)=
L(ǫ)
4πR22cδ
3
l
ǫ′′
(5.5)
where ǫ′′ = ǫ/δl with δl the Doppler factor of the layer frame.
Using equations ??, as CRs spectrum, and ??, as photon target density, in ?? we are
able to derive the neutrino spectrum. Note that equation ?? must be transformed from
the spine frame to the observer frame using the standard transformations: EνLν(Eν)=
E ′νL
′
ν(E
′
ν)δ
4
s and Eν = δsE
′
ν.
Summarizing, the model is specified by the following 11 parameters: the jet radius,
R2, the spine and layer Lorentz factors Γs and Γl , the observed layer radiative luminosity
Ll , the peak ǫ0 of its energy distribution [in ǫL(ǫ)], the spectral slopes n1 and n2 of Ll (ǫ),
the spine comoving CR luminosity L′p , the CR power-law index n, the minimum and
the cut-off energy E ′min, E
′
cut. As already partially shown in the previous chapter, not
all parameters have the same importance in determining the shape and the level of the
resulting neutrino spectrum. The choice of the values of some parameters is guided by
the results of the modelling of HBL emission. For definiteness, the jet radius is fixed to
R2 = 1015 cm (e.g., ?), Γs = 15, Γl = 2, and δs = 20. Consequently, δl = 3.7 and Γrel = 4. The
observed luminosity of the low-energy emission component of the layer is constrained
from above, since we demand that the observed SED of HBL is dominated by the spine. For
the low- and high-energy slopes we assume the customary values α1 = 0.5 and α2 = 1.5.
More important is the role of the peak energy of the layer emission ǫ0 which regulates,
through the photopion threshold condition, eq. ??, the possible values of the minimum
CR energy and the position of the maximum of the neutrino emitted luminosity. In fact,
increasingly larger values of ǫ0 allow for lower values of E ′min and thus lower energies of
the produced neutrinos. On the other hand, due to the steep CR distribution, decreasing
E ′min leads to increase the total CR power required to produce a given neutrino output.
Fig. ?? shows the importance of the layer shape to reproduce the neutrino spectra
observed by IceCube. In the two panel the SED of a typical BL Lac with high-energy
synchrotron peak (the so called HBL or HSP with νS > 1015 that correspond to & 103 eV) is
shown (dashed black line). This observed radiation is assumed to be emitted by the spine.
The synchrotron emission of the layer as seen by the observer is represented by the green
solid line. Assuming to use this radiation as photon target for the relativistic protons in the
spine, the γ-rays and ν spectrum obtained by the pγ emission is shown (respectively with
dotted blue line and red solid line). For comparison the cosmic-ray spectrum (dashed
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purple line) and the neutrino spectrum using the synchrotron radiation of the spine (cyan
solid line) are also shown.
5.4 Interpretation of TXS 0506+056 with spine-layer model
In ? the spine-layer model was applied to the case of TXS 0506+056 flare. The source
is not a high-synchrotron peak BL Lacs (it is defined as IBL in the Fermi catalogue and
it would belong to the 1046 erg s−1 < LLAT < 1047 erg s−1 luminosity bin of the Blazar
sequence), and then the spine-layer scenario is not proven for this source. However, as
discussed in ? and ?, the model is expected to be relevant also for this kind of sources.
The fit of the SED is shown in figure ??. It is obtained following the considerations in
the previous section ??. The electromagnetic SED is well described by leptonic emission:
synchrotron emission for the first peak and Inverse Compton of the relativistic electrons
in the spine with the synchrotron photons from the layer for the high energy peak. In this
analysis, also all relevant hadronic processes, described in Section ?? have been taken into
account. In particular photo-meson-induced cascade emission (?), Bethe-Heitler (BH) pair
cascade emission (?), and synchrotron radiation from protons (?) and muons have been
included. For protons of sufficiently high energy, the gamma-rays resulting from photo-
meson reactions can be energetic enough to undergo electron-positron pair production
interactions with low-energy photons (γγ→ e+e−), thereby triggering secondary pair
cascades (?). This process redistributes the energy of photons down to lower energies
until it falls below the threshold for γγ interactions and escape, generally resulting in a
spectrum with roughly equal power over a broad energy range (from optical to VHE for
the cases shown below).
From the spectral properties of the external radiation fields considered here, γγ trans-
parency is expected below a few hundreds of GeV, the energy band best accessible to
MAGIC. The direct products of pγ reactions including neutrinos and photons are de-
scribed using the analytical treatment of ?. The secondary pair cascading processes were
implemented following the formalism of ? and extending it to include Inverse Compton
in addition to synchrotron processes for the pairs. An additional hadronic component
arises from BH pair production (pγ→ pe+e−), which can be observationally relevant in
some cases. Gamma-ray emission via synchrotron radiation of protons or muons is mostly
unimportant for the range of magnetic fields and proton energies considered here, except
for a limited region of parameter space.
Figure ?? shows results for models corresponding to the low (bottom panel) and high
states (upper panel). The enhanced luminosity for external Compton emission relative to
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Fig. 5.6 Spectral energy distribution for the enhanced VHE gamma-ray emission state
(a), MJD 58029 to 58030) and the lower VHE gamma-ray emission state (LS, b)) modelled
with the jet-sheath scenario with Ep,max = 1016 eV. Symbols corresponding to data-points
from different facilities and observation epochs are described in the legend. The curves
represent individual emission components while the thick black curve shows the total
predicted emission. The leptonic emission from the jet includes synchrotron (dashed
blue), synchrotron-self-Compton (SSC, red dashed dotted), and external Compton (EC)
emission (dark red dotted). Synchrotron emission from the sheath is denoted by the light
green dashed line. The hadronic emission components are photo-meson-induced cascade
(purple dotted), Bethe-Heitler pair cascade (yellow dash-dotted) and muon-synchrotron
(yellow dotted). Predicted (anti-)neutrino spectra are marked by (light-)magenta (dashed)
solid lines, the blue vertical line shows the energy ∼ 290 TeV of the observed neutrino.
Credits: ?.
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the other emission components at small viewing angles is important for adequately re-
producing the MWL SEDs. Most notably, the prominent spectral steepening observed at a
few tens of GeV by MAGIC confirms the internal γγ absorption that is robustly expected as
a consequence of pγ production of a ∼ 290 TeV neutrino. Thus, this model reinforces the
association between the multi-messenger signals. While the bulk of the gamma-rays are
inferred to be external Compton emission from electrons, a non negligible contribution
can arise from cascade emission induced by protons, most notably in the hard X-ray and
VHE gamma-ray bands.
From the analysis of this event, the importance of the X-band came up. In fact, in this
band, there are several contributions: the BH cascade (yellow dotted-dashed line in figure
??), the photo-meson cascade (pink dotted line in figure ??) and the leptonic contribution
of the synchrotron emission (dashed blue line in figure). The slope of the X-ray region
gives constraints on the lepto-hadronic model and then can help on the understanding of
the physics of the jet. We will discuss about this in section ??.
5.5 Relation with γ-ray emission
To give an estimate of the neutrino flux from a specific BL Lac in the framework of the
spine-layer model in ?, we assumed a relation between the neutrino emission and the
γ-ray emission. The neutrino emission is linked to γ-ray emission due to the π0 decay. As
in the case of ν, the expected spectrum for γ-ray produced by photo-meson reaction, is
given by equation ?? but substituting 1/2 instead of 3/8. Note that if the neutral pion takes
1/5 of the energy of the relativistic proton, then each γ-ray from the pion decay obtain half
of the pion energy. This means that Eγ ≃ 1/10Ep (see Figure ??). However these photons,
corresponding to PeV gamma-rays, have never been observed. A reason should be the
presence of the Extragalacting Background Light that can interact with high-energy γ-ray
(see ?). Moreover it is reasonable to consider opaque the jet region in which this kind of
γ-rays are produced with neutrinos (see ? and ? for details on the relation between the
photo-meson production efficiency fpγ and the absorption τγγ). It means that γ-rays from
the π0 decay are promptly absorbed through scattering with the soft photons and, after
reprocessing, leave the jet at much lower energies, in the MeV-GeV. This is also supported
in the previous section ?? by the modelling of TXS0506+056.
It is however reasonable to search a relation between the neutrino flux and the ob-
served γ-ray emission, even if they are originated by different processes. Note that the
next considerations are valid not only for the spine-layer model but for all models in
which the photon targets, interacting with protons, are the same that are comptonized by
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relativistic electrons. Furthermore, the next considerations are valid only for those models
in which the photon target shape is the same for all the sources. For example we will see
in Chapter ?? that the spectrum of the accretion flow that we consider as photon target for
the neutrino emission, changes for different subclass of BL Lac. In that case we cannot
apply the consideration in the following for the entire class of BL Lac but only for each
subclasses separately.
The total, energy integrated, neutrino luminosity can be expressed as:
Lν = ǫpQ
′
pδ
4
s , (5.6)
where the total CR injected power is:
Q ′p =
∫
Q ′p(E
′
p)dE
′
p, (5.7)
and the averaged efficiency ǫp is:
ǫp =
1
Q ′p
∫
fpγ(E
′
p)Q
′
p(E
′
p)dE
′
p. (5.8)
In general, the IC (i.e., high-energy γ-ray) luminosity can be formally expressed in
exactly the same way:
Lγ = ǫeQ
′
eδ
4
s , (5.9)
where now ǫe and Q ′e refer to the relativistic electrons. Using Eq. ?? and ?? one can write
the ratio of the gamma-ray and neutrino fluxes of a given source as:
Fν
Fγ
=
Lν
Lγ
=
ǫp
ǫe
Q ′p
Q ′e
. (5.10)
In the spine layer scenario, the soft radiation field in the spine frame is dominated by the
relativistically boosted layer radiation. In these conditions, both efficiencies, ǫp and ǫe
depend on the same photon field, n′ph,l and thus their ratio, ǫp/ǫe ≡ ξep depend only on
the details of the injection and cooling processes. As a zero-order approximation, one can
assume that these properties are universal for all the (quite similar) BL Lac jets, namely
that ξep is on average constant (with, of course, some dispersion) in the BL Lac population.
Furthermore, we find it reasonable to assume that the ratio between the power injected
into relativistic electrons and that injected into high-energy protons is, on average, the
same in different sources, both depending on the total power carried by the jet, Pjet, that
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is, Q ′p = ηpPjet and Q
′
e = ηePjet, so that Q
′
p/Q
′
e = ηp/ηe ≈ const . With these assumptions,
we derive that Fν/Fγ is, on average, the same in all HBL, Fν/Fγ = ξepηp/ηe ≡ kνγ.
Therefore, in our scheme, the bolometric neutrino flux from a given BL Lac is directly
proportional to its high-energy gamma-ray flux,
Fν = kνγFγ (5.11)
Note that this relation is independent on the luminosity of the source. This allows us
to consider all the BL Lacs objects of the 2FHL catalogue and not only those with redshift
z known. This theoretically-inspired assumption is consistent with the results of ?, who
present the evidence for a spatial correlation between the reconstructed arrival direction
of neutrinos (including both hemispheres, thus both HESE and though-going muon) and
BL Lac objects emitting very high-energy γ-rays (> 50 GeV).
The Second Catalog of Hard Fermi-LAT Sources (2FHL) (?, ?) includes all the sources
detected at energies above 50 GeV by the Large Area Telescope onboard Fermi over 80
months of data. The high-energy band covered by the 2FHL closely matches the expected
maximum of the IC component produced by the spine. Hence, it is reasonable to consider
the 2FHL flux as a good proxy for Fγ. Therefore, using the relation derived above for each
source, Fνi = kνγFγi , it is possible to derive the expected flux of neutrinos.
The constant can be derived under the assumption that the total neutrino diffuse flux
measured by IceCube, Fν,tot is entirely due to the contribution of the high-energy-emitting
BL Lacs. This is a strong assumption and at present there are several considerations
suggesting that the diffuse neutrino background observed by IceCube is a composition
of neutrino emission from different classes (in particular the BL Lac contribution should
be around ∼ 20−25%, see e.g. ?, ?, ?). We can write that Fν,BL Lac = ηBL LacFν,tot . In the
following we will consider ηBL Lac = 1. Since the neutrino flux for each source is directly
proportional to the corresponding gamma-ray flux, we can write:
Fν,BL Lac = ηBL LacFν,tot ≡
∑
i
Fνi =
∑
i
kνγFγi = kνγ
∑
i
Fγi = kνγFγ,tot , (5.12)
in which we use the fact that kνγ is (approximately) the same for all sources. Here Fγ,tot is
the total high-energy gamma-ray flux from BL Lacs (see below).
The next step is to convert the neutrino energy flux for each source, Fνi , to the neutrino
number flux,Φi (Eν), using:
Fνi =
∫E2
E1
Φi (Eν)EνdEν, (5.13)
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Fig. 5.7 Radio flux versus the high-energy γ-ray flux (E > 50 GeV) of the 132 BL Lacs
belonging to the 2FHL catalogue. Blue crosses indicate sources detected in the TeV band.
The vertical axis on the right reports the muon neutrino flux (in the 0.1-10 PeV band)
predicted with the scaling discussed in the text. We also show the names of the brightest
sources.
where the interval [E1,E2] is the range of neutrino energies. We assume that each source
emits a neutrino spectrum with the same shape of the overall neutrino spectrum recon-
structed through the IceCube detections, that is, a power law distribution (more on this
later):
Φi (Eν)=φi
( Eν
E⋆
)−Γ
, (5.14)
where E⋆ is the energy of normalization. Therefore, from Eqs. ??-?? we can derive the
neutrino number flux normalization φi as:
φi = Fνi E
⋆−Γ 2−Γ
E 2−Γ2 −E
2−Γ
1
. (5.15)
Finally the number of neutrinos Nν expected from a given HBL object of the 2FHL
catalogue depends on the rate of high energy neutrino Rν and the exposure time Texp as
follows:
Nν =RνTexp = Texp
∫E2
E1
Aeff(Eν)Φi (Eν)dEν, (5.16)
where Aeff(Eν) is the effective area of the neutrino detector.
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Table 5.1 Expected 0.1-10 PeV flux (in units of 10−8 GeV cm−2 s−1) and detection rate
(yr−1) of muon neutrinos Rν for the brightest 2FHL BL Lacs with IceCube at declination
60◦ < δ< 90◦, 30◦ < δ< 60◦,0◦ < δ< 30◦ respectively. The numbers identify sources in the
sky map of Fig. ??.
Name Fν Rν
60◦ < δ< 90◦
1 1ES1959+650 1.38 0.27
2 1ES0502+675 1.14 0.22
3 S50716+71 0.44 0.08
4 1RXSJ013106.4+61203 0.25 0.05
5 4C+67.04 0.25 0.05
6 Mkn180 0.24 0.05
7 MS0737.9+7441 0.13 0.02
8 RXJ0805.4+7534 0.08 0.02
9 S40954+65 0.07 0.01
10 S41749+70 0.07 0.01
30◦ < δ< 60◦
11 Mkn421 8.77 4.89
12 Mkn501 3.41 1.90
13 PG1218+304 0.92 0.52
14 3C66A 0.87 0.49
15 1H1013+498 0.87 0.49
16 1ES0033+595 0.82 0.46
17 1ES2344+514 0.69 0.39
18 1ES1215+303 0.52 0.29
19 B32247+381 0.37 0.21
20 B30133+388 0.35 0.19
0◦ < δ< 30◦
21 PG1553+113 1.89 2.47
22 PKS1424+240 1.00 1.30
23 PG1218+304 0.92 1.20
24 TXS0518+211 0.87 1.14
25 1ES0647+250 0.75 0.99
26 1ES1215+303 0.52 0.69
27 RXJ0648.7+1516 0.45 0.59
28 1RXSJ194246.3+10333 0.41 0.54
29 RBS0413 0.32 0.42
30 1H1720+117 0.25 0.33
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5.5.1 Application and results
? found a significant probability of association between the positions of the BL Lacs
belonging to the 2FHL catalogue - defined as BL Lac with synchrotron peak frequency
larger than 1015 Hz - with flux F (> 50GeV)& 2×10−11 ph cm−2 s−1 and a selected sample
of neutrinos, including both HESE (four years) and through-going νµ (two years), detected
by IceCube above 60 TeV. For illustration, in Fig. ?? we report the radio flux versus the
γ-ray energy flux (integrated over the 50-2000 GeV band using the spectral parameters of
the 2FHL) for the 132 HBL of the 2FHL (for the selection we used the phenomenological
estimate of the synchrotron peak frequency provided in the 3rd Catalog of AGN Detected
by the Fermi-LAT, abbreviated to 3LAC).
Our aim is to provide the neutrino counts expected from each 2FHL BL Lacs in view of
the possible identification of the extragalactic neutrino sources based on a positional cor-
relation with detected neutrinos. For this reason, it is justified to specialise our treatment
and focus it on the through-going muon neutrinos, νµ. Indeed, muons leave well-defined
and long tracks that are easier to reconstruct, determining the best (< 1◦) angular resolu-
tion in order to look for possible associations with point-like sources as BL Lacs. In the
case of IceCube this implies focusing on the component coming from the northern hemi-
sphere. On the contrary, KM3NeT will be sensitive to through-going muons originating
mainly from neutrinos coming from the southern hemisphere.
The IceCube collaboration published both the spectrum of the so-called high-energy
starting events (HESE), dominated by cascade-like events triggered within the detector
volume by neutrinos from the the southern sky (?) and that derived from analyzing only
the (high-energy, E & 100 TeV) muon-like northern events (?, ?). The derived spectral
parameters are in tension, with the through-going muon signal providing a spectrum
harder (Γ = 1.91± 0.20 using events with E > 170 TeV, ?) than that (Γ = 2.50± 009, ?)
derived from HESE data with an extension to low energy (E > 60 TeV). Interestingly, if
only high-energy HESE events (E > 100 TeV) are selected, the tension reduces. This
could be considered as evidence for hardening of the spectrum at high-energy, possibly
related to two spectral components (galactic and extragalactic) (see the detailed discussion
in ?). Moreover, if extragalactic, the high neutrino flux below 60 TeV would imply an
accompanying gamma-ray flux exceeding the high-energy extragalactic γ-ray background
(e.g., ?). It is also worth adding that it is unlikely that the neutrino spectrum predicted
by the structured jet model extends below 100 TeV, since this would imply a relatively
large cosmic-ray power (?). Summing up, there is evidence supporting the scenario in
which lower energy neutrinos (. 100 TeV) are derived from another population (possibly
galactic) of sources. All this justifies the use of the spectral parameters obtained with the
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through-going muon analysis (we used the parameters derived from the first four years of
IceCube, ?) in the following section of paper.
Following the procedure discussed in Section ??, the first step is to derive the constant
of proportionality between the γ-ray and the neutrino flux from Eq. ??.
The total (muon) neutrino flux Fν,tot is calculated by integrating the power law spec-
trum provided by ? in the range 100 TeV-10 PeV. The result is Fν,tot = 4.85×10−7 GeV cm−2
s−1.
The second quantity needed is the total high-energy γ-ray flux from the neutrino-
emitting BL Lac population, Fγ,tot . An obvious upper boundary to this flux is provided by
the total (i.e., resolved+unresolved) observed extragalactic high-energy γ-ray background
(?). Above 50 GeV (the low-energy threshold of the 2FHL) the background intensity is
2.4×10−9 ph cm−2 s−1 sr−1. On the other hand, we calculated that the contribution of
the detected BL Lac of the 2FHL (50-2000 GeV, flux sensitivity limit ≈ 8×10−12 ph cm−2
s−1) to the background (assuming isotropy) is 7.2×10−10 ph cm−2 s−1 sr−1, corresponding
to approximately one third of the total background intensity above 50 GeV. Through
accurate simulations, ? estimated that (resolved and unresolved) point sources with
fluxes larger than 10−12 ph cm−2 s−1 (the majority of which are assumed to be blazars,
but not necessarily all HBL) should account for approximately 90% of the background.
On the other hand, we must also point out that ? found that the correlation between
the IceCube neutrinos and the 2FHL BL Lac holds only with sources with relatively high-
flux (& 1.8×10−11 ph cm−2 s−1). Given these uncertainties and in view of the fact that,
in any case, the differences involve relatively small factors, in the following we use the
value of the flux Fγ,tot obtained by summing the 2FHL BL Lac only, keeping in mind that
derived neutrino fluxes should be considered as upper limits since, if also BL Lac with
smaller flux would contribute, the derived neutrino fluxes could be lower by a factor
≈ 3. The total energy flux in the 50-2000 GeV band (approximating well the bolometric
gamma-ray output, since the high-energy peak is commonly found at 100 GeV) of the
2FHL sources, Fγ,tot , can be directly performed using the spectral information of the 2FHL,
giving Fγ,tot = 1.14×10−6 GeV cm−2 s−1. Therefore, for the value of the constant we obtain
kνγ = Fν,tot /Fγ,tot = 0.46.
The vertical axis on the right of Fig. ?? reports the neutrino flux for each 2FHL BL Lac
calculated with the scaling above. With these fluxes at hand we can predict the expected
count rate for IceCube and KM3NeT. In the following we separately describe the results.
IceCube: We already presented IceCube detector in Section ??. It is the largest operating
neutrino detector, encompassing an instrumented cubic kilometer of ice. In the case of νµ
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Fig. 5.8 Sky maps in galactic coordinates with the position of 2FHL HBL (light blue and
blue) for IceCube (lower panel) and KM3NeT (upper panel). The blue points are the
brightest HBL and the associated number is reported in Tables 1 and 2. For the plot of
KM3NeT, the different color indicates the different range of object declination-dependant
visibility; red: > +60◦ and visibility percentage < 20%, dark-orange: +25◦÷+60◦ and
visibility percentage 20÷ 45%,orange: −12◦÷+25◦ and visibility percentage 45÷ 60%,
yellow: −53◦÷−12◦ and visibility percentage 60÷100% and green: <−53◦ and visibility
percentage 100%. Lower map: Visibility plot of IceCube. The gray region is 100% of muon
neutrino visibility, and the white is near 0%.
94 Spine-Layer Model
, detected from the up-going through-going muons, the effective area of the instrument
depends on the declination of the source (see Section ?? and Fig. ??), since the angle-
dependent absorption by the Earth starts to affect the detected flux above ≈ 100 TeV. The
actual effective area in ranges of declinations (60◦ < δ< 90◦, 30◦ < δ< 60◦, 0◦ < δ< 30◦) is
provided by ?. The number of neutrinos expected for the brightest 2FHL sources with an
effective exposure of one year and divided in ranges of declination are reported in Table ??
and shown in Fig. ?? (lower panel).
Very few sources present a rate exceeding 1 event yr−1. Interestingly, among them
are two of the best candidates proposed by ?, Mkn 421 and PG 1553+113. 1ES 1959+650,
from which AMANDA possibly detected three neutrinos during a burst in 2002 (?) is not
expected to be so bright. In considering these numbers one must remember that they are
upper boundaries to the actual values, since, as discussed above (Sect. 4), neutrino fluxes
(and count rates) smaller by a factor ∼ 3 are compatible with the γ-ray background. Note
also that PKS 2155-304, among the brightest 2FHL HBL and thus among the most intense
neutrino sources, being a southern object does not enter into our list.
KM3NeT: KM3NeT (e.g., ?) will be a new undersea neutrino telescope that could detect
all-flavor neutrinos. Presently it is under construction in the Mediterranean sea.
The expected effective area as a function of declination, as that used above for IceCube,
is not available yet. Therefore we chose to rely on the declination-averaged effective area
provided by ?. Note that, as opposed to the case for IceCube, for KM3NeT, a given source
in the sky is below the horizon (and thus the up-going muon technique can be applied)
for only a fraction of a year. ? provide the effective exposure time of sources located at
different declinations, that, is the fraction of time for which the source is below the horizon
and thus data can be obtained. In Table ?? we thus report the expected neutrino counts for
one year taking into account the effective exposure of the different sources (also reported
in the Table).
In Fig. ?? we also show a sky map in galactic coordinates reporting the HBL of the
2FHL (light blue points) and, in blue, the best candidates for KM3NeT (upper panel) and
IceCube (lower panel). For KM3NeT the colored areas indicate regions of the sky with
different exposures from red (minimum) to green (maximum). In Fig.?? we report the
calculated neutrino flux as a function of the 2FHL γ-ray flux for the sources reported in
Tables ??-??.
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Table 5.2 Expected 0.1-10 PeV flux (in units of 10−8 GeV cm−2 s−1) and detection rate of
muon neutrinos Rν (yr−1) for the brightest 2FHL BL Lacs with KM3NeT with different
thresholds on the zenith angle (horizon and +10◦). We also report the fraction of the
observational time for which each source is below the threshold. The numbers identify
the sources in the sky map, Fig. ??.
Name Fν Rν Visibility Rν Visibility
at horizon at 10◦
1 Mkn421 8.77 4.59 0.30 5.80 0.39
2 PKS2155-304 2.15 2.23 0.60 2.53 0.69
3 Mkn501 3.41 1.65 0.28 2.26 0.39
4 PG1553+113 1.89 1.42 0.44 1.66 0.51
5 PKS0447-439 0.76 0.87 0.67 1.02 0.79
6 PKS1424+240 1.00 0.67 0.39 0.79 0.46
7 PKS2005-489 0.51 0.63 0.72 0.75 0.86
8 TXS0518+211 0.87 0.59 0.39 0.72 0.48
9 PG1218+304 0.92 0.55 0.34 0.69 0.44
10 1ES0647+250 0.75 0.47 0.36 0.60 0.46
11 3C66A 0.87 0.38 0.25 0.54 0.36
12 1RXSJ054357.3-55320 0.30 0.40 0.78 0.52 1.00
13 PKS0301-243 0.43 0.44 0.59 0.49 0.66
14 1H1914-194 0.45 0.44 0.57 0.49 0.63
15a 1H1013+498 0.87 - - 0.48 0.32
15b 1RXSJ194246.3+10333 0.41 0.32 0.45 - -
16 PKS1440-389 0.36 0.41 0.66 0.47 0.76
17 1ES0347-121 0.39 0.35 0.53 0.40 0.60
18 1ES1215+303 0.52 0.31 0.34 0.39 0.44
19 1RXSJ101015.9-31190 0.32 0.34 0.60 0.39 0.69
20 RXJ0648.7+1516 0.45 0.33 0.42 0.38 0.49
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5.5.2 Discussion
In this work we presented a heuristic framework to connect the γ-ray flux produced
through the inverse Compton inside a structured jet of a HBL and the (hypothetical)
neutrino flux. The scheme is motivated by the findings of ? and in ?.
The dependence on the gamma-ray flux makes possible to derive neutrino fluxes for BL
Lacs, without secure redshift measurements. This is quite important since approximately
50% of the HBL of the 2FHL have uncertain z. We also note that, although based on a
specific model, assuming a structured BL Lac jet, the linear correlation found between
γ-ray and neutrino fluxes has already been suggested in the past for blazars (e.g., ?, ?).
We derived the expected number of muon neutrinos for the BL Lac of the 2FHL
catalogue for both IceCube and KM3NeT provide a list of sources and expected numbers.
Our study is focused on the through-going νµ because the angular resolution is well-
defined in the detectors. Our analysis takes into account the structural differences between
the detectors. We have used the effective area at different declinations for IceCube and
the effective area for muon neutrino for all declinations for KM3NeT. A major difference
between the two detectors is their latitude; IceCube is located at the South Pole and
therefore the sources always have the same visibility throughout the year. Different is the
case of KM3NeT, that has a range of declinations for which the sources are only partially
visible during the year. For this reason, for our calculation we considered the visibility as a
function of source declination for the muon-track analysis for tracks below the horizon and
up to 10◦ above the horizon, given by KM3NeT collaboration. We calculated the expected
number of neutrinos from HBL both for tracks below the horizon and for tracks up to 10◦
above the horizon; the difference between the two values is a factor of approximately 1.2.
A more detailed study will be done when the effective area to the various declinations for
KM3NeT is made available.
From our calculations we derive IceCube fluxes consistent with observations, pre-
dicting that for only a few γ-ray bright BL Lacs do we expect a handful of neutrinos
detectable throughout few years of operation. The majority of the sources, however, have
fluxes implying rates of the order of .0.1 events yr−1, for which a clear association is thus
problematic.
TXS0506+056 belong to the 2FHL catalogue. In particular with IceCube we expected
a neutrino rate of ∼ 0.25 event yr−1. This result is compatible with the observation of a
neutrino from this source.
For KM3NeT, on the other hand, we foresee an appreciable neutrino flux for several
sources. We report 20 BL Lacs for which the expected rate is > 0.3 events yr−1. For the
brightest sources (Mkn 421, PKS 2155–304, Mkn 501), the event rate would likely be high
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enough to allow a firm identification. We would like to point out that, for as far as the
identification of the sources is concerned, KM3NeT and the proposed upgraded IceCube
Gen2 (?) are expected to play a relatively valuable role. In particular, both are expected to
have an improved (sub-degree) angular resolution for through-going muon neutrinos1,
which will greatly help studies of the correlation between the direction of the neutrino
revealed and an extragalactic (or galactic) source. Moreover, having two instruments
covering both hemispheres it will be possible to investigate better possible south-north
anisotropies and spectral differences.
The structured jet model that we adopt is based on the assumption that the emission
we observe from HBL is (almost) totally produced by leptons through synchrotron and IC
mechanisms (although it is applicable to all cases in which one predicts a linear relation
between neutrino and γ-ray fluxes). Protons (or hadrons) are only responsible for the
observed neutrino flux (as shown in Section ??). The accompanying UHE γ-ray photons
(from π0 decay and emitted by the e± pairs from the charged pions decay) are readily
reprocessed through electromagnetic cascades, leaving the sources as a low-level MeV-
GeV component. This is different from what is instead envisaged in lepto-hadronic models
(e.g., ?, ?), predicting a luminous and hard MeV-GeV emission. Indeed, observations in
the hard-X-ray band by the NuSTAR satellite (sensitive up to 80 keV), revealing a steep
continuum up to the highest energies, seem to leave little room for this bright hard-X/soft
gamma component (e.g., ? for Mkn 421), expected to have a luminosity only slightly below
that of the observed high-energy peak.
1The preliminary estimate for Km3NeT is (< 0.2◦) (?).

Chapter 6
A multiwavelength view of BL Lacs
neutrino candidates
Following the results of the previous Chapter, we decided to investigate those BL Lacs of
the Second Catalog of Hard Fermi-LAT Sources (2FHL; ?) that are in spatial coincidence
with a neutrino event. A possible association of an HESE IceCube event with and HSP
was suggested by ?. A quite strong support to the idea that a a fraction of the neutrino
flux is associated to BL Lacs comes from the recent possible association between a muon
track event with an exceptionally good reconstructed direction and the active BL Lac TXS
0506+056 (Kopper & Blaufuss 2017, Tanaka et al. 2017, ?, ? see also ?? and ??).
To further investigate the hypothesis of BL Lacs as sources of neutrino events, we
started a program aimed at obtaining a better multiwavelength characterization of the
emission properties of these sources, and their modelling. First of all, we define a sample
of 2FHL BL Lacs potentially associated to IceCube events. Then, we complemented
very sparse existing MW data, with observations with the Neil Gehrels Swift Observatory
(hereafter Swift) for three candidates of our sample, and with REM campaigns for two
others sources. The final datasets allowed us to assemble (non-simultaneous) SED for the
sources.
We obtain a better characterisation of the SED for the sources of our sample. A prospec-
tive extreme Blazar, a very peculiar low synchrotron peak (LSP) source with a large separa-
tion of the two peaks and a twin of TXS0506+056 come up. We also provide the gamma-ray
light curves to check the trend of the sources around the neutrino detection but the data
do not reveal any pattern to the sources.
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6.1 Selection of the BL Lac neutrino candidates
Following the results of ? and ? mentioned in the previous Chapter, we would like to
assemble a sample of high-energy emitting BL Lacs to be correlated with the neutrino
events. The best catalogue including this type of objects is the 2FHL catalogue. In fact,
this catalogue consists of all sources detected above 50 GeV from the Fermi satellite. Even
if the most recent Fermi catalogue, the 3FHL, comprises more sources (711 instead of the
193 BL Lacs of the previous one), it includes all the sources detected at lower energies
(above 10 GeV). For this reason we consider the 2FHL catalogue more suitable to select
high-energy emitting BL Lacs.
To create a sample of BL Lacs belonging to the 2FHL catalogue and investigate a spatial
correlation with a neutrino event, we use the list of neutrino events reported in ?. For the
HESE events, ? used the list provided by the IceCube Collaboration in ?, including the
events recorded during the period 2010-2012. To reduce the background by atmospheric
neutrino events they selected only the events with a reconstructed energy, Eν ≥ 60 TeV.
Moreover, to limit the number of counterparts, only the events with angular uncertainty
≤ 20◦ have been used. For the tracks, ? considered the list given in ?. For these tracks they
assumed an average angular uncertainty of 0.4◦, except for the 2.6 PeV event, for which
the median angular error is 0.27◦ as reported in Schoenen & Raedel (2015). Since a recent
release of muon tracks events (from the northern hemisphere) is given in ?, we combine
the HESE list by ? with this more recent list of tracks. The position and the corresponding
uncertainty of the neutrino events included in our sample are reported in the sky map
shown in Fig.?? (HESE: orange circles; muon tracks: red circles), together with the 193 BL
Lac of the 2FHL (blue crosses).
We selected all the BL Lacs whose positions lie within the (large) angular uncertainty
of the HESE events. We list all the BL Lacs found to satisfy the above selection criteria
in Table ??. For the track events, instead, we choose to consider significant any case in
which there is a BL Lac at a distance less than 2.5◦ from the reconstructed centroid of the
neutrino direction. We chose this value, which for some events is larger then the 90% C.L.
angular uncertainty provided by IceCube Collaboration in ?, to account for systematic
differences between the reconstructed direction reported in the two different lists released
by the IceCube Collaboration (respectively ? and ?). Note also than in both lists the angular
errors are statistical errors only and do not include systematics. Then it is reasonable
to consider a larger angular uncertainty. Due to the large uncertainty associated to the
reconstructed position of HESE, for 12 of these events we found more than one BL Lac
inside the error circle of a single event. Given the ambiguity on the potential candidates,
in this exploratory work we only considered the HESE events with only one association.
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Fig. 6.1 Sky map in galactic coordinates reporting the reconstructed direction of the
neutrinos detected by IceCube.The dotted black line is the equatorial line, the orange
circles correspond to the angular uncertainty associated to 30 HESE events from ? and
the red dots indicate the direction of 29 muon tracks taken from ?. The light blue crosses
show the position of the 2FHL BL Lacs objects. We also indicate the sources in our sample
(Table 2) with blue dots.
In fact, bearing in mind that the aim of this work is to study a clean sample of candidate
neutrino emitting BL Lacs, we considered only the events in one-to-one correspondence
with a only one BL Lac.
For the track events, we found one case in which the position of the associated BL
Lac lies within the (small) angular uncertainty, namely MG1J021114+1051. As said above,
to be conservative, we decided to include also two other sources, for which the distance
from the corresponding neutrino position is less than 2.5◦. The total number of selected
sources is therefore 7. Two of them, 1ES0414+009 and PG1553+113, are TeV sources
already well studied in literature (e.g. ?). Therefore in the following we only focus our
attention on the remaining poorly known 5 sources, whose properties are listed in Table
??. To these sources we also add TXS 0506+056, that satisfy our selection criterium but
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ID ν Source name Class
9
RXJ0950.2+4553 ISP
Ton1015 HSP
Ton0396 HSP
1H1013+498 HSP
Mkn421 HSP
11
RXJ1022.7-0112 HSP
PMNJ0953-0840 HSP
NVSSJ102658-174858 HSP
12
PKS2005-489 HSP
PMNJ1936-4719 HSP
14 1RXSJ171405.2-202747 HSP
17 PG1553+113 HSP
19
1ES0505-546 HSP
1RXSJ054357.3-55320 HSP
20
RBS0351 HSP
PKS0229-581 ISP
PKS0352-686 HSP
22
PMNJ1921-1607 HSP
1H1914-194 HSP
1RXSJ195815.6-30111 HSP
26
Ton0396 HSP
MG1J090534+1358 HSP
27 PMNJ0816-1311 HSP
30
PMNJ0810-7530 ISP
PKS1029-85 HSP
33
RXJ1931.1+0937 HSP
1RXSJ194246.3+10333 HSP
35
1RXSJ135341.1-66400 HSP
MS13121-4221 HSP
1RXSJ130737.8-42594 HSP
1RXSJ130421.2-43530 HSP
39
TXS0628-240 HSP
PMNJ0622-2605 HSP
41 1ES0414+009 HSP
51
87GB061258.1+570222 LSP
GB6J0540+5823 HSP
Table 6.1 List of all BL Lacs of the 2FHL catalogue in spatial correlation with a HESE
neutrino event detected by IceCube and in the list of ?. As expected the majority are HSP,
defined as BL Lacs with the synchrotron peak νS > 1015 Hz.
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Source name α δ z AB ν
(J2000) (J2000) ID
Single 2FHL BL Lac inside the angular uncertainty of the HESE events
PMNJ0816-1311 124.113 -13.197 > 0.288∗ 0.296 27a
1RXSJ171405.2-202747 258.521 -20.463 - 1.579 14a
2FHL BL Lac with a distance max of 2.5◦ from a νµ
4C+41.11 65.983 41.834 - 2.665 13a
NVSSJ140450+655428 211.206 65.908 0.363 0.049 47a
MG1J021114+1051 32.804 10.859 0.200 0.539 23b
TXS 0506+056 77.358 5.693 0.336 0.392 IC170922Ac
Table 6.2 List of candidates neutrino sources studied in this work. For each source the
equatorial (J2000) coordinates are reported (in degrees), the redshift, the AB extinction
coefficient from Schlafly & Finkbeiner (2011) (recalibration of the ? infrared-based dust
map) and the ID of neutrino detected by IceCube. The neutrino ID is taken from: a: ?, b:
?, c: IceCube Collaboration et al. 2018. Bold face characters identify the name of those
sources for which we obtained dedicated Swift pointings. ∗: see Pita et al. (2014).
whose potentially associated neutrino event was not included in the lists considered above.
This is the most plausible association observed so far and in our study we can use TXS
0506+056 as a benchmark case to discuss the other potential candidates (?). An important
point to note is that not all selected sources are HSP, the BL Lac subclass favoured by the ?
analysis. In fact, even TXS 0506+056, whose synchrotron component peaks in the optical
band, is classified as an intermediate synchrotron peak (ISP, 1014Hz< νS < 1015Hz). Bold
face is used for the sources for which we requested dedicated Swift observations. For
MG1J021114+1051 and TXS 0506+056 we also obtained optical and IR observations with
the Rapid Eye Mount (REM) telescope. For the other sources we only used archival data.
The source TXS 0506+056 will be discussed in detail in the next section.
6.2 Data analysis
In the following, we describe the analysis performed on the Swift/XRT, Swift/UVOT, REM
and Fermi/LAT data.
6.2.1 REM data
The Rapid Eye Mount telescope (REM) is a 60-cm robotic telescope located at the ESO
La Silla Observatory. It includes an optical camera with the Sloan filters g, r, i, z and
a near-infrared camera equipped with J-H-K filters. In these bands we observed MG1
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Period Filters
J H K g r i
MG1J021114+1051
01Oct2016/25Nov2016 - - 17.088±0.010 15.111±0.025 14.578±0.022 14.163±0.032
TXS 0506+056
30Sep2017 12.781±0.056 11.945±0.035 11.205±0.100 15.013±0.026 14.547±0.020 14.174±0.032
01Oct2017 12.632±0.042 11.930±0.051 11.061±0.064 14.867±0.022 14.361±0.022 14.037±0.033
Table 6.3 Observation period and filter used for the observation with REM telescope.
Source name b m2 u v w1 w2
1RXSJ171405.2-202747 19.55±0.32 > 20.93 > 19.41 18.45±0.28 > 20.27 > 21.13
4C+41.11 21.32±0.42 > 21.45 21.22±0.53 20.07±0.32 > 21.08 > 21.69
NVSSJ140450+655428 > 20.18 > 20.53 > 19.78 > 19.38 > 20.00 > 20.84
PMN J0816-1311 17.19±0.03 16.24±0.03 16.25±0.03 16.82±0.04 16.18±0.03 16.29±0.03
MG1 J021114+1051 14.55±0.01 14.46±0.02 14.38±0.02 14.02±0.02 14.13±0.02 14.58±0.01
TXS 0506+056h 15.06±0.02 14.46±0.02 14.27±0.02 14.61±0.02 14.35±0.03 14.58±0.02
TXS 0506+056l 15.74±0.04 15.42±0.08 15.04±0.03 15.24±0.04 15.27±0.03 15.60±0.03
Table 6.4 Swift/UVOT observed magnitudes. Statistical uncertainties only are reported:
systematic error is always lower than 0.03 mag. For TXS 0506+056 there are two states:
h: high state of the source on 27/09/2017 (MJD: 58023.752), l : low state of the source on
25/07/2009 (MJD: 55037.512).
J021114+1051 and TXS 0506+056. Data reduction was carried out following the standard
procedures, with the subtraction of an averaged bias frame dividing by the normalised flat
frame. The photometric calibration was achieved by using the 2MASS and APASS cata-
logues. In order to minimise any systematic effect, we performed differential photometry
with respect to a selection of non-saturated reference stars. Table 3 shows the observation
period of these sources and the magnitude obtained at different filters.
Source name Exp. time Γ NH χ2red(d.o.f.) F0.3−10keV
[ks] [1021 cm−2] [10−12 erg cm−2 s−1]
1RXSJ171405.2-202747 10.14 1.973±0.053 1.56 1.259 (37) 3.55±0.17
4C+41.11 27.70 1.578±0.103 3.38 0.772 (12) 0.64±0.55
NVSSJ140450+655428 10.78 2.349±0.089 0.171 1.083 (12) 1.44±0.05
PMNJ0816-1311 6.87 2.296±0.026 0.81 1.394 (128) 19.97±0.05
MG1J021114+1051 18.98 2.176±0.027 0.616 1.201 (121) 5.79±0.11
TXS 0506+056h 4.947 2.606±0.089 1.11 1.016 (21) 3.07±0.25
TXS 0506+056l 4.491 2.139±0.288 1.11 0.282 (2) 0.86±0.15
Table 6.5 Results of the Swift/XRT data analysis. For TXS 0506+056 there are two states:
h: high state of the source on 27/09/2017 (MJD: 58023.752), l : low state of the source on
25/07/2009 (MJD: 55037.512).
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6.2.2 Swift
Swift is a satellite equipped with several instruments (?). For all sources listed in Tab.
2, we had snapshot observations for both optical/UV and X-ray data. Comparing the
different observation we noticed low variability and then we sum all the observations
to increment the signal to noise ratio. In particular, we asked and obtained observation
time for three sources of our sample (the bold face reported in Table 2). The observations
were performed in the period October 2016-July 2017. For the other sources instead we
re-analysed the archival data. In particular MG1J021114+1051 were observed in the period
March 2010-November 2011 (data were already published, see Chandra et al. 2014 for
details) while PMN J0816-1311 was observed by Swift in 2009.
Swift/UVOT data
The satellite Swift includes a 30 cm diffraction-limited optical-UV telescope (UVOT)
(?) equipped with six different filters that covered the 170−650nm wavelength range,
in a 17 arcmin × 17 arcmin FoV. From the High Energy Astrophysics Science Archive
Research Center (HEASARC1) data base we download the UVOT images in which our
target sources were observed. For all the sources the analysis was performed with the
fappend, uvotimsum and uvotsource tasks2. Due to the position of 1RXSJ171405.2-
202747 full-stars field (see Fig.??) we perform a dedicated analysis. For the other sources
we use a source region of 5 arcsec and the background was extracted from a source-free
circular region with radius equal to 20 arcsec. The extracted magnitudes were corrected
for Galactic extinction using the values of ?, reported in the second to last column of Table
?? and applying the formulae by Pei 1992 for the UV filters, and eventually were converted
into fluxes following Poole et al. 2008. Table 4 reports the observed Vega magnitudes in
the Swift/UVOT v , b, u, m1, m2, and w2 filters, together with statistical uncertainties.
Systematic uncertainties are never greater than 0.03 mag and therefore dominated by
statistical ones in the vast majority of cases.
Swift/XRT data
Swift/XRT (?) data were analysed by using HEASOFT v6.20 software package. We analysed
the spectra of the sources with XSPEC v.12.9.1 (Dorman & Arnaud, 2001) in order to extract
the flux in the 0.3−10 keV energy band and the photon index Γ, using the χ2 minimization.
For all sources an absorbed power-law model provides a good description of the spectrum.
1https://heasarc.gsfc.nasa.gov/docs/archive.html
2https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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Fig. 6.2 Position map of the source 1RXS J171405.2-202747 in the Swift/UVOT B filter. The
position of the source is highlighted by the white circle.
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In all cases the fits are compatible with an absorption column, NH, fixed to the Galactic
value. Table 5 shows the best fit parameters.
6.2.3 Fermi/LAT data
Fermi-LAT data analysis was performed using the Fermi Science Tools (v10r0p5) and
PASS8 response Functions (P8R2_SOURCE_V6). Gamma-ray data were selected running
gtselect for SOURCE events class, collected within 20◦ from the source under investigation;
the chosen zenith angle cut was 90◦. GTIs were prepared running gtmktime to select good
quality data, collected during standard data taking mode. Livetime cubes were prepared
taking into account the chosen zenith angle cut.
Gamma-ray light curves were produced in the energy range 0.3-100 GeV with a bin
size of 4d and 16d for all sources. To cover possible active states lasting for several months,
as observed in the case of TXS0506+056, we show the light curve in an interval of 300
days centred around the associated neutrino event. The flux reported for the chosen
time-bins of the light curves is obtained with the standard unbinned likelihood analysis.
The sources input files for the unbinned likelihood was prepared starting from the sources
positions and spectral templates reported in the 3FGL catalog (?). For the investigated
source, normalization and spectral parameters were allowed to vary. For sources within
10◦ from the investigated source, the normalization factor only was allowed to vary, and
all the spectral parameters were fixed to their catalog value. For sources outside 10◦ from
the investigated source, the normalization and all the spectral parameters were fixed to
their catalog value.
In Fig. ?? we show the light curve for our sample of source (including PG1553+113
and 1ES0414+009). Due to the low flux, we show the 16 days bin light curve for all the
source except for PG1553+113 and TXS0506+056 that are bright enough to have a good
light curve with 4 days bin. The red vertical line shows the arrival time of the neutrino in
spatial correlation with the source and the orange horizontal line is the mean flux of the
source in the range 0.3-100 GeV reported in the 3FGL Fermi catalogue.
From Fig. ?? it is clear that for the most of the sources there is no significant γ-ray
activity at the time of the neutrino detection (except the case of TXS0506+056). The light-
curve of TXS0506+056 is consisted with the one present in IceCube Collaboration et al.
(2018), Padovani et al. (2018), Keivani et al. (2018) and Veritas Collaboration (2018).
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6.2.4 The case of 1RXSJ171405.2-202747
The study of 1RXSJ171405.2-202747 needed of a careful analysis because of the position
of the source. It is in fact very close to the galactic center and therefore in a region full of
stars and other sources (see Fig. ??). For this reason we check carefully every data related
to this source to be sure the effective association with our source.
Within the 3FGL gamma-ray catalog (?) the accuracy in the position of 3FGL J1714.1-
2029 is 3.6 arcmin (95% c.l.). 1RXS J171405.2-202747 is identified as its X-ray counterpart.
At 2.0 arcmin from the γ-ray source there is a radio source (?): NVSS J171405-202748 (with
an accuracy on the position of radio source of 2.4 arcsec R.M.S.); while at 4.9 arcmin (just
oustide the γ-ray error circle) there is NVSS J171402-202525. NVSS J171357-203653 is at
7.5 arcmin, NVSS J171442-202631 at 8.7 arcmin, all the other NVSS sources are more than
10 arcmin apart from the γ-ray source.
An X-ray source was observed and detected with Swift several times at celestial coordi-
nates: α = 17 14 05.4, δ=-20◦ 27’ 49”, with an error of 3”, coincident with the position of
1RXS J171405.2-202747 and of NVSS J171405-202748. No X-ray counterpart is found for
NVSS J171402-202525.
In the following we will assume the detected Swift source as the X-ray counterpart of 3FGL
J1714.1-2029; and NVSS J171405-202748 as the radio counterpart of the γ-ray source.
There is a weak near IR counterpart for NVSS J171405-202748 found in the 2MASS catalog
(?), with celestial coordinates α=17 14 05.43, δ=-20◦ 27’ 49.09” and positional error of 0.15
arcsec. A brighter NIR object (α =17 14 05.44, δ= -20◦ 27’ 54.27” ) is found at 6.1 arcsec
from NVSS J171405-202748, just outside the radio source error circle. We will consider the
first near IR source as the counterpart for NVSS J171405-202748.
Summing-up all Swift/XRT observations, an absorbed power-law model does not fit
to the data (reduced χ2=2.2, see Table 5). A log-parabolic (Tramacere et al. 2007) model
fit to the data: Using the eplogpar function (F (E) = K
E 2
10
−β(log ( EEP
)2
)), the estimated pa-
rameters (for a confidence level of 90%) are: peak energy EP = 1.83+0.32−0.27, curvature term
β = 0.86+0.36
−0.32, unabsorbed flux (in the 0-3-10 keV energy range) F = (5.0
+0.3
−0.4)10
−12 erg
cm−2 s−1. The χ2 is 5.9 for 15 degree of freedom, the null hypothesis probability is 0.92.
6.3 Spectral Energy Distributions
The Spectral Energy Distributions (SED) of the 6 sources, built by using archival data
(green) and the data described above, are shown in Figs. ??-??.
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Fig. 6.3 γ-ray light curve of all 8 candidate sources. The bin is 16 days apart from
PG1553+113 and TXS 0506+056 in which the bin is 4 days. The horizontal orange line
represents the mean flux reported on the 3LAC catalogue. The data do not show flares
in correspondence with the neutrino emission (red vertical line). However a discussion
about the expected coincidence between a neutrino event and a γ-ray flare is in Section
??.
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We remark that the observational data from Swift and REM are not simultaneous.
Moreover Swift spectra have been obtained from short snapshots performed over several
months (see section ??). Furthermore, there are very few data during the neutrino detec-
tion. The SED can therefore only provide time average information and cannot be used
for detailed modelling of the electromagnetic and neutrino output.
The SED display a large variety of shapes. In particular, two sources (PMN J0816-1311
and NVSS J1404+65) clearly belong to the HSP population, with a peak frequency of the
synchrotron component above 1015 Hz. MG1 J021114+1051 and TXS 0506+056 display a
quite notable similarity and fulfil the criteria to be defined ISP. The SED of the remaining
two sources have a less clear nature.
As discussed above, the analysis of the data of 1RXS J1714-20 is complicated by its
position on the sky, close to the galactic plane. In particular, the confusion introduced by
the complexity of the field makes difficult to understand the correct association of some
of the data found in literature. For this reason we made a careful selection of the archival
data. The concave X-ray spectrum from XRT, modelled with a log-parabolic fit (see section
3.5 for detail), suggests a peak around 1 keV. Such a large synchrotron peak frequency
resemble a characteristic feature of the so-called extreme BL Lacs (e.g. Costamante et al.
2001, Bonnoli et al. 2015, Costamante et al. 2018). Besides a peak in the X-ray band, these
peculiar sources display a quite hard gamma-ray continuum, often peaking in the TeV
band. The optical band, instead, is dominated by the emission from the host galaxy. The
data for 1RXS J1714-20 are consistent with both characteristics. The LAT data track a hard
spectrum peaking above 100 GeV. The exceptional hardness of the spectrum is confirmed
by the fact that this source belongs to the 2FHL (selection above 50 GeV) but it is absent in
the 3FHL (selection above 10 GeV). Unfortunately, the description of the optical emission
is poor. However, the UVOT upper limits together with the 2MASS datapoint are consistent
with the emission from a typical elliptical host galaxy of BL Lac objects (for comparison,
the dashed line reports the template for a giant elliptical by Silva et al. 2004).
The SED associated to 4C+41.11 is puzzling. The archival and the UVOT data locate
the maximum of the synchrotron peak in the IR band. The hard XRT spectrum suggests
that the X-ray continuum is associated to the second bump, likely peaking in the LAT
energy band. The position of the synchrotron peak define 4C+41.11 as a LSP. However,
the flat LAT spectrum (photon index ≈ 2) is quite atypical for this class (Ackermann et
al. 2015). The shape of this SED is quite similar to the case of AP Lib, another LSP with
an unusually hard LAT spectrum. This particular SED is quite difficult to be reproduced
with standard one-zone emission models (e.g. Tavecchio et al. 2010) and possibilities
to overcome this problem include the addiction of other components, possibly from the
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large-scale jet (Hervet et al. 2015, Sanchez et al. 2015, Zacharias & Wagner 2016), or the
contribution of hadronic processes ?.
The case of TXS0506+056 has raised the attention of the whole high-energy astro-
physics community (see Sections ?? and ??). The facts that the source was in an high-state
in the γ-ray band during the neutrino detection, that the event was a muon track event
with a very good reconstructed direction (less than 1◦) and the detection for the first
time in the TeV band, make this event unique and particularly relevant. ? showed the
optical spectrum of the sources taken with the Gran Telescopio CANARIAS (GTC) with
which, thanks to the emission lines of [OII],[OIII] and [NII], they attested a redshift of
z = 0.3365±0.0010. Here we report both the high state, with data taken in the period
27/09/2017-01/10/2017, and the low state, data of 25/07/2009.
Together with the electromagnetic output, in Figs. ??-?? we also report the inferred level
of the neutrino emission. In particular, the orange circles have been derived calculating
the expected neutrino flux, Fνc required to have one neutrino detected during the seven
years of operation of IceCube and assuming the energy estimated for that event. To this
aim we use the declination-dependent effective area provided by ? for track events and
the one performed in ? for the HESE. The light blue triangles instead show the flux, FνR17
derived by using the model of ?, which assumed that BL Lacs belonging to the 2FHL
account for the entire observed neutrino diffuse emission and that for each source the
neutrino flux is correlated to its γ-ray flux. The fact that the brightest BL Lac sources of
2FHL catalogue are absent from our sample (such as Mkn421 or Mkn 501), suggests an
overestimation of the flux FνR17 . This raises a question about the neutrino emission from
Mkn-like sources (see next Chapter). Note that in ? we considered only the northern
hemisphere, for this reason, for the 1RXS J 1714-20, we present only Fνc .
The requirement to produce a sizeable neutrino emission, implies that a fraction of
the electromagnetic output derives, at least, from the γ-rays and the pairs injected in the
source after the decay of neutral and charged pions. To properly model these processes
(in particular the associated electromagnetic cascades) one needs to fully implement all
the processes as in e.g., ? and ?. However, the paucity of soft target photons provided
by the synchrotron component alone, requires the existence of external sources, such
as the photons from the accretion flow ? (see next Chapter) or those envisioned in the
spine-layer scenario (e.g. ?, as discussed in the previous Chapter).
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6.4 Discussion
Following the idea that BL Lacs can be the emitters of high-energy neutrinos detected
by IceCube, we started a observational campaign of a sample of candidates. From a list
of 30 HESE + 29 muon tracks events respectively from ? and ?, and the BL Lac of the
2FHL catalogue of Fermi, we obtain a sample of 8 candidate neutrino BL Lacs spatially
correlating with IceCube events. Two of the sources are very well-known high-energy
emitting BL Lacs detected also in the TeV band (PG1553+113 and 1ES0414+009). For
the other six sources we obtained observations with REM and Swift (optical, UV and
X-ray band), to have a more accurate description of the synchrotron peak. Adding also
archival data we derive the spectral energy distribution, that show a variety of shapes.
As expected (since we started from 2FHL objects), the majority of sources are HSP, i.e.
display a synchrotron peak at frequencies νS > 1015Hz, but, over a total of 8 sources,
3 appear to belong to the LSP or ISP subclasses. Assuming the detection of only one
neutrino in 7 years with IceCube, we calculate the expected muon neutrino energy flux
(FE = N ·E/Aefft , with N = 1, t = 7y and Aeff the muonic effective area at the specific
declination and energy and E the reconstructed neutrino energy), obtaining values in the
range 10−12 < Fν < 10−11 erg cm−2 s−1. We also compare this values with the expected
muon neutrino flux obtained in a previous work ?. The latter are systematically lower than
those derived above assuming the detection of one neutrino in seven years. However, in
considering this result, it is important to keep in mind that these fluxes – whose derivation
assume, for instance, a constant flux of the sources (even if the large scale variability is
one of the main characteristic of this class) and that this class is the unique emitter of
the IceCube events – are affected by large uncertainties (e.g. ηBL < 1 as introduced in the
previous Chapter).
To investigate the possibility that the neutrino emission is associated to a particularly
active state of the sources we have derived the light curves in the LAT band. While in the
case of TXS 0506+056 the neutrino detection (Sep. 2017) coincides with a long lasting
active state starting in April 2017 (see ?), none of the other sources show such a significant
increase of activity close to or in correspondence of the epoch of the neutrino detection.
Small amplitude variability possibly correlated with the neutrino detection occurred in
MG1 J021114+1051, PMN J0816-1311 and in 1ES 0414+009. However the quality of the
data prevent any conclusion. A dedicated analysis of the correlation between the LAT light
curves and possible excesses recorded by IceCube around the position of these sources
could be interesting. However, we note that a strict correlation between neutrino emission
and γ-ray activity is questionable also for TXS 0506+056, as proved by the potential
neutrino emission found in 2014/2015 by ? in coincidence with a rather quite gamma-ray
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state (?). A strict link between gamma-ray emission and neutrinos is also excluded by
modelling of the multimessenger SED of TXS 0506+056 in the framework of the photo-
hadronic scenario (see previous Chapter), which suggests that the cascade and Bethe-
Heitler components cannot be dominant in the high-energy band. The low sensitivity of
present neutrino detectors with the pronounced variability of the sources make difficult
the assessment of correlations between γ-ray flares and the neutrino emission.
A potential problem of the framework linking BL Lacs and the neutrino diffuse emis-
sion is represented by the absence of any clear association of neutrinos with the two
brightest representative of the class, Mkn 421 and Mkn 501 (see also discussions in Aart-
sen et al. 2018b). In fact, there are no events associated with Mkn 501, while Mkn 421 is
only potentially associated to a cascade events whose reconstructed direction is character-
ized by a very large angular uncertainty (Padovani & Resconi 2014, Petropoulou et al. 2015).
The lack of events clearly correlated with these sources, after 7 years of activity by IceCube,
raises doubts about the role of HSP as important neutrino emitters. Indeed, estimates
based on the high-energy γ-ray flux as proxy (e.g., ?) suggest that these two sources alone
should provide ∼ 50% of the entire muon neutrino emission attributable to BL Lacs. In ?
we specifically derived the expected significance of a possible detection by IceCube of Mkn
421, obtaining a significance of 3σ after 8 years. The lack of any excess around the position
of these two sources, together with the possible observation of a neutrino emission by TXS
0506+056 source (not a HSP), bring us to ponder about the photon component involved
on the photo-meson reactions. In ? and ?, the photons produced in the external and slow
sheath of the jets is thought to play a role on the neutrino productions. This scenario is
applied to the high-energy emitting BL Lacs, those sources in which there are the strongest
indications supporting the presence of the spine-layer structure. The problems with Mkn
421 and Mkn 501 lead us to propose that the radiatively inefficient radiation flow can
provide a radiation field that would favour LSP sources as neutrino emitters and would
disfavour ISP and HSP objects ?. This is the motivation of the model discussed in the next
Chapter.
A possible continuation of the study described in this paper could be the extension to
the BL Lac objects of the Third Catalog of Hard Fermi-LAT Sources (3FHL; Ajello 2017),
which contains the sources detected in 7 years above 10 GeV by Fermi. This catalogue is
composed of ∼ 50% HSP and ∼ 50% ISP+LSP. Table 7 shows the spatial correlation with
the same sample of neutrino events and the BL Lacs of the 3FHL catalogue. A in-depth
study of the SED and the light curve of these sources will be pursued.
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Fig. 6.4 Spectral energy distributions for three of BL Lac neutrino candidates. Green
dots are archival data (by ASDC), red filled up-pointing triangle are Swift/UVOT and
Swift/XRT data. Swift/UVOT upper limits are indicated with red down-pointing triangle.
Orange dots corresponds to the expected neutrino flux, assuming one neutrino in 7 years
of observation by IceCube, and using the effective area at the energy of the neutrino
associated with the BL Lac. Light-blue triangle is the neutrino flux calculated in ?. Due to
the declination of 1RXSJ1714-20 (below the equator), the neutrino flux calculated in ? is
missing.
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Fig. 6.5 Spectral energy distributions for three of BL Lac neutrino candidates. Green dots
are archival data (by ASDC), red filled up-pointing triangle are Swift/UVOT and Swift/XRT
data. Swift/UVOT upper limits are indicated with red down-pointing triangle. Light
green up-pointing triangle are REM data (for MG1 J021114+1051and TXS0506+056) and
Swift/UVOT estimation (only for TXS 0506+056). Orange dots corresponds to the expected
neutrino flux, assuming one neutrino in 7 years of observation by IceCube, and using the
effective area at the energy of the neutrino associated with the BL Lac. Light-blue triangle
is the neutrino flux calculated in ?.
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Source name α δ z Class ν
(J2000) (J2000) ID
Single 3FHL BL Lac inside the angular uncertainty of the HESE events
PKS1101-536 165.967 -53.950 - LSP 4a
1RXSJ094709.2-254056 146.789 -25.683 - - 46b
NVSSJ173146-300309 262.945 -30.052 - - 14a
3FHL BL Lac with a distance max of 2.5◦ from a νµ
NVSSJ140450+655428 211.206 65.908 0.363 HSP 47a
4C+41.11 65.983 41.834 - LSP 13a
MG1J021114+1051 32.804 10.859 0.200 ISP 23b
TXS 0506+056 77.358 5.693 0.336 ISP *c
PMNJ2227+0037 336.992 0.618 2.145 ISP 44b
PMNJ0152+0146 28.165 1.788 0.080 HSP 1d
MG3J225517+2409 343.779 24.187 - LSP 3d
RXJ1533.1+1854 233.296 18.908 0.307 HSP 12d
RXJ2030.8+1935 307.738 19.603 - - 5d
1ES0229+200 38.202 20.288 0.140 HSP 16d
Table 6.6 List of candidates neutrino sources of 3FHL. Bold face characters identify the
sources of 3FHL studied in this paper. The neutrino ID is taken from: a: ?, b: ?, c: Aartsen
et al. 2018, d : ?. We show the redshift reported in NED.
Chapter 7
The emission of radiatively inefficient
accretion flows as target for neutrino
emission
In the previous Chapters we already point out the importance of the photon target spec-
trum involved in the pγ reaction. The photon spectrum shape influences the neutrino
emission due to the presence of the photon density nt (ǫ) in the Equation ??. This influence
is regulated by the threshold energy of the pγ interaction (equation ??). The event corre-
lated with the flaring BL Lac TXS0506+056 point out the so-called Markarian problem we
are going to talk about in the next Chapter (see ??). Briefly, TXS0506+056 is not one of the
brightest γ-ray sources and it is not a typical high-energy synchrotron peak BL Lac (HSP
or HBL) for which there are observational evidences of the presence of a structured jet.
The observation of a neutrino event from that source raises questions about the photon
population involved in the neutrino emission. We already pointed out that by considering
a simple scenario in which neutrinos are produced by the interaction of HECRs with
synchrotron radiation produced by the relativistic electrons inside the jet cannot allow
to produce the required neutrino flux (see Section ?? and ?). In this scenario, in fact, the
power of cosmic rays should be too high (in excess of 1048 erg/s) to produce the inferred
flux of neutrinos. On the other hand, the spine-layer structure is thought to charcterize
the jet of high-energy BL Lac objects, such as Mkn421 or Mkn501. The non detection of a
neutrino from one of these sources can be interpreted in several ways. One of this is to
reconsider the photon target population involved in the pγ reaction. In this Chapter we
present an alternative scenario in which we consider as target the radiation produced by
the radiatively inefficient accretion flow onto the central BH. In fact as already discussed
in ??, BL Lacs present weak or absent emission lines in the optical spectrum. This with
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the low power of the jet lead the AGN community to consider the BLR poor or completely
absent in the BL Lac structure. We already stressed the link between the BLR and the
accretion disk in Sections, ?? and ??.
7.1 Accretion flow models
Different models have been proposed to describe the accretion of matter onto black
holes. They can be grouped in two different categories: cold (efficient) and hot (inefficient)
accretion flows, which correspond to accretion at high and low accretion rates, respectively.
Cold accretion flows consist of cool optically thick gas accreting in a disc-like geometry.
The most prominent examples are presented in (?; ?; ?) and ?;?; ?; ?; etc.).
On the other hand, hot accretion flows are virially hot and optically thin. They occur
at low mass accretion rates, and are generally characterized by lower radiative efficiency
than the standard thin disc. Moreover, their radiative efficiency strongly decreases by
decreasing the mass accretion rate. The thermal stability of these structures is generally
guaranteed by energy advection. The most popular model for hot accretion flows is the
advection dominated accretion flow (ADAF; ?, ?, ?, ?, ?, ?).
7.1.1 Radiatively efficient accretion disc
? introduced for the first time an accretion model based on the formation of a disc around
a black hole. During accretion, matter is moving in a geometrically thin and optically
thick disc. The plasma moves in Keplerian motion, and approaches the central black hole
only if there is an efficient mechanism to transfer outwards the angular momentum. The
magnetic field transport driven by the infalling matter, along with the turbulent motions
of the matter itself, enable the angular momentum transfer.
The total energy release and therefore the spectrum of the emitted radiation are
determined mainly by the mass accretion flow, i.e. the rate of matter inflow M˙ . Hence, the
total disc luminosity Ld is given by the gravitational energy release through the relation:
Ld = ξM˙c
2
where ξ is the efficiency of the whole process and in general it is ξ∼ 0.08−0.1.
An upper critical luminosity is defined by the Eddington luminosity LEdd = 4πGMBHmp c/σT .
This is the luminosity at which radiation pressure is intense enough to stop the gravita-
tional infall, and therefore accretion itself (defined in spherical geometry). In this sense,
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the Eddington luminosity is generally assumed as an upper stability limit of the Shakura-
Sunyaev disc. Numerically:
LEdd = 1.3×10
38 MB H
M⊙
erg s−1 (7.1)
Corresponding to LEdd, an Eddington accretion rate can be defined as M˙Edd = ηaccLEdd/c
2
(e.g.?) where ηacc is a normalization parameter that does not contain physical information.
Because of the density and the optical thickness of the plasma, each element of the
disc emits as a black body. The temperature of each element is determined by its distance
from the central black hole, and closer to the black hole, the elements are hotter. There-
fore, the most central regions of the disc are responsible for the most intense emission.
The convolution of the black bodies with different temperatures and surface areas is a
multicolor black body. In the case of a black hole with a mass MBH ∼ 106−109 M⊙ , the
spectrum peaks in the UV-soft X range. Photons with this energy are the most efficient in
the ionization of plasma with the same properties as the BLR (see sections ?? and ??).
7.1.2 Radiatively inefficient accretion disc
In the standard disc model, at very low accretion rates the particle density is so low that
the energy exchange time scale between electrons and protons becomes larger than the
accretion time scale. Most of the dissipated energy remains stored within the protons/ions,
and an effective radiating disc model is no more plausible. The radiative disc model should
occur only at accretion rate values larger than a critical value m˙c , i.e.
m˙ =
M˙
M˙Edd
> m˙c (7.2)
where m˙c ∼ 10−2 ?. Below this critical value the accreting flow is advection dominated, so
that most of the viscously dissipated energy is advected radially with the flow. This is the
fundamental feature of the Advection Dominated Accretion Flow (ADAF; ?, ?, ?; ?, ?).
Figure ?? reports the relation between the temperature T and m˙ for an accreting 10M⊙
black hole with viscosity parameter α= 0.3 and ratio of gas pressure to total pressure β=
0.5, and focus on a radius r = 103. At very low m˙ and very high m˙, there is only one solution
allowed for the temperature T of the system, therefore there is only one kind of flow
allowed. However, for intermediate values of m˙, there are three separate solutions. The
uppermost branch, with a large value of T , is the advection-dominated branch discussed
in ?. This corresponds to the situation in which the fraction of the viscously dissipated
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Fig. 7.1 Three solution branches for an accreting black hole. The uppermost branch is
the advection-dominated branch discussed in ? (C). Note that T ∼ cons.∼ 109 K for this
branch. In fact in this region the most of the dissipated energy is advected with the flow.
The lowermost branch corresponds to the standard cooling-dominated thin accretion disk
solution (?) (A). These two stable branches are connected by an unstable middle brach,
indicated by a dotted line (B), which corresponds to the hot solution discovered originally
by ?.
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energy is advected with the flow. If there is no exchange of energy between ions and
electrons, the system tends to heat up. The lowermost branch has a very low value
of T and it is therefore dominated by cooling. This solution has a low temperature, is
optically thick, and corresponds to the standard thin accretion disk solution (?, ?). Both
these branches are stable at this radius. In addiction there is a middle branch, which is
thermodynamically unstable and which is indicated with dotted line in Figure ??. This
solution has a low value of T and it is therefore cooling dominated. However this solution
is much hotter than the thin disk branch and it can be the unstable (the SLE hot solution
(?)). In figure ??, the presence of a m˙c for which the advection-dominated flows do not
extend above is also clear.
With the assumption of radiation pressure dominance, ? obtained a model with a
definitely not disc-like morphology. The ADAF structure, indeed, is nearly spherical and it
is generally much larger than a standard thin disc (H ∼R).
The system is highly under-luminous relatively to its mass accretion rate. The emitted
radiation is not a black body, because the hot gas is optically thin. Its emission is instead
dominated by processes like cyclo-synchrotron, bremsstrahlung and inverse Compton
scattering. ? and ? described for the first time the details of the emitted spectrum of an
ADAF. They assumed spherical accretion and calculated the spectrum as divided into three
components: the cyclosynchrotron component, and the bremsstrahlung and the inverse-
Compton component. The result of the spectrum is shown in Figure ??. The first peak of
the spectrum is produced by synchrotron emission from thermal electrons. This emission
is self-absorbed and is very sensitive to the electron temperature. Synchrotron photons are
Compton up-scattered by the hot electrons, producing hard radiation. The importance of
this Compton component depends on m˙ = M˙/M˙Edd: at high values of m˙ it dominates the
spectrum, but as m˙ decreases it becomes softer and bolometrically weaker. At sufficiently
low m˙ , the hard-X-ray spectrum is dominated by the bremsstrahlung emission, since the
inverse Compton component becomes less luminous and softer (in fact Te ∼ 109K , as in
figure ??).
The dominant cooling process, therefore, strongly depends on the accretion rate.
Under this condition, the radiation efficiency depends on the accretion rate too, instead
of being just a fixed value.
To summarize, when m˙ & 10−2, a standard accretion disk is expected that is geometri-
cally thin, optically thick, and radiatively efficient. In contrast, when m˙ . 10−2, a transition
to radiative inefficient accretion flow (RIAF) is supported by both theory and observations
(?). In RIAFs, the density of the accretion flow is low enough that thermal protons can-
not transfer their energy effectively to thermal electrons via collisional processes. As a
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Fig. 7.2 Spectrum produced by an advection-dominated disk with α= 0.3, β= 0.5, mass
m = 5× 109 M⊙, and m˙ = (3,6,12,24)× 10−4. The plots are calculated numerically by
the method described in ?. The three labels correspond to the three cooling processes:
synchrotron cooling (S), Compton cooling (C), and bremsstrahlung cooling (B). νp and
νmin correspond to the radio frequencies from the region 3< r < 103.
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consequence, the proton temperature remains close to the virial value, much hotter than
in standard accretion disks, and the flow becomes geometrically thick and optically thin
while radiating inefficiently.
The systematic trends in the observed phenomenology of FSRQs and BL Lacs have
been adequately interpreted in terms of a sequence in the total power (energy flux) in
the jet Pjet correlated with M˙ , together with a transition from standard accretion disks in
the nuclei of FSRQs to RIAFs in those of BL Lacs (e.g. Ghisellini et al. 2009). Within the
BL Lac population, the trends among LBLs, IBLs and HBLs may also be understood as a
sequence in Pjet and M˙ . Here we discuss the emission expected from RIAFs for each BL
Lac subclass.
7.2 ADAF and neutrino emission
BL Lacs are relatively less powerful then FSRQs, and display weak or no emission lines,
indicating the lack of strong external radiation fields. Their γ-ray luminosity is comparable
to the synchrotron luminosity, but extends to higher energies then in FSRQs. BL Lacs can
be further subdivided depending on the peak energy of their SED components, with low-
synchrotron-peak BL Lacs (LBLs) emitting up to hundreds of GeV, and high-synchrotron-
peak BL Lacs (HBLs) up to tens of TeV ?1. The γ-rays observed in BL Lacs can generally be
well explained as synchrotron self-Compton (SSC) emission, i.e. IC emission by electrons
accelerated in the jet upscattering their own synchrotron emission. Given their low power
and inferred weak radiation fields, the neutrino production efficiency for BL Lacs has
often been thought to be low (?; see however, Sec. 5).
The recent finding that the likely counterpart of the ∼300 TeV neutrino IceCube-
170922A is TXS 0506+056, a BL Lac (Aartsen et al. 2018), is therefore not trivial to interpret.
Note that TXS 0506+056 is likely an LBL or possibly an intermediate-synchrotron-peak BL
Lac (IBL; see below). The picture is further complicated by the fact that the HBLs Mkn 421
and Mkn 501 are still undetected in high-energy neutrinos, despite being more prominent
γ-ray emitters ?).
In this context, a potential source of external photons for BL Lacs that has hardly
been discussed in the literature is advection-dominated accretion flows (ADAFs), or more
generally, radiatively inefficient accretion flows (RIAFs). As discussed above, it is quite
plausible that the nuclei of BL Lacs host RIAFs (e.g. ?), which are expected when the mass
accretion rate M˙ onto the central SMBH is lower than a critical value In the following we
explore the role of RIAFs as external target photons for pγ neutrino production in BL Lacs,
1Note that the abbreviations here differ from “HSP”, “ISP” and “LSP” used in ?.
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log< Lbol > α1 α2 α3 νt νS νC νcut,S νcut,C νSL(νS) CD N
log (erg s−1) Hz Hz Hz Hz Hz erg s−1
LBL 47.2 0.65 1.3 0.62 3e11 1e12 3e21 5e16 7e26 1e46 1 71
IBL 46.2 0.7 1.3 0.8 2.5e11 5e14 1e23 6e18 8e26 8e44 0.7 21
HBL 45.8 0.68 1.2 0.8 1e11 9e16 5e24 4e19 5e27 4e44 0.4 18
Table 7.1 Parameters for the phenomenological SEDs plotted in Fig. ??, where αR =−0.1
was fixed. See G17 for detailed definition of the parameters.
which can have various interesting implications, including marked differences between
LBLs and HBLs.
7.3 BL Lac spectral energy distributions
As reported in Section ??, using a sample of 747 blazars (299 BL Lacs and 448 FSRQs)
detected by Fermi-LAT with known redshifts from the 3LAC catalog (?), ? (hereafter G17)
confirmed the evidence for a spectral sequence, a systematic trend among the SEDs of all
blazars that had been found in previous studies (?). To parameterise their average SEDs,
G17 used a phenomenological function consisting of two broken power laws connecting
with a power law describing the radio emission. We found that with increasing luminosity,
BL Lacs have lower peak frequency, softer γ-ray slope and larger dominance of the high-
energy component.
? proposed a subclassification among BL Lacs, based on the peak frequency νS of the
synchrotron SED component:
• LBLs with νS < 1014 Hz,
• IBLs with 1014 Hz < νS < 1015 Hz, and
• HBLs with νS > 1015 Hz.
This “Fermi" classification scheme can be applied to 110 out of the 299 BL Lacs in G17
with sufficient data, resulting in 71 LBLs, 21 IBLs and 18 HBLs.
For the purpose of estimating typical values of the observed bolometric luminosity,
intrinsic radiative power, and jet power for each BL Lac subclass, we parameterize the
average SEDs of their non-thermal emission, using the phenomenological model of G17
and assuming αR = −0.1 for the radio spectral index. For each subclass, the model is
compared with the data in Fig.??, and the ten model parameters that were determined are
listed in Tab. ??. From the model, it is straightforward to evaluate the average, isotropic-
equivalent bolometric luminosity Lbol. Assuming a jet bulk Lorenz factor Γ j = 20 ?, the
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Fig. 7.3 Observed SEDs (filled circles) compared with average parameterized models for
the three subclasses of BL Lacs: LBL (top, blue), IBL (middle, green), HBL (bottom, orange).
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beaming-corrected power in radiation can be estimated as Prad = Lbol/Γ
2
j
(e.g. ?), with
values listed in Table ??. LBLs approximately have Lbol three times larger than IBLs, and
Prad three times larger than HBLs. We note that our aim here is not detailed spectral
modelling of these SEDs.
Then, we adopt a simple scaling between Pjet and M˙ (e.g. ?),
Pjet ≈ η j M˙c
2, (7.3)
where a value η j ∼ 1 is supported for the jet formation efficiency through modeling of
Fermi-LAT blazars (Ghisellini et al. 2014) as well as numerical simulations of magnetically-
driven jet formation (?) . On the other hand, a relation on average between Pjet and Prad
as derived from the SEDs in Sec. 2 is indicated by several studies (?, ?, ?),
Pjet ≈ Prad/ηrad, (7.4)
with ηrad ∼ 0.1. Assuming for simplicity fixed values of MBH = 10
9M⊙ and ηacc = 0.12, m˙
can be estimated for each BL Lac subclass from the average Prad as
m˙ ≈
ηacc
η j
Pjet
LEdd
≈
ηacc
η jηrad
Prad
LEdd
, (7.5)
resulting in m˙ = 10−3, 3×10−3 and 10−4 for LBLs, IBLs and LBLs, respectively.
Although the details of the emission from RIAFs can be model-dependent ?, for con-
creteness, we adopt the advection-dominated accretion flow (ADAF) model of ?, who
provide simple prescriptions for calculating the expected broadband spectra for different
parameters. We assume viscosity parameter α = 0.3, ratio of gas pressure to total pres-
sure β = 0.5, minimum radius rmin = 3rS and maximum radius rmax = 103rS in units of
rS = 2GMBH/c2 (for more details, see ?).
7.4 Neutrino emission induced by RIAFs
For the three subclasses of BL Lacs, Fig. ?? shows the expected RIAF spectra. As discussed
above, they comprise three components: a hard power law below 1012 Hz due to cyclo-
synchrotron emission, a softer power law covering IR to soft-X rays due to multiple IC
upscattering by semi-relativistic electrons, and a bump peaking in soft γ-rays due to
bremsstrahlung. With increasing m˙, a conspicuous hardening of the IC component in
2We remember that ηacc is a normalization factor that do not contains physics proprieties.
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Fig. 7.4 RIAF spectra expected for the three subclasses of BL Lacs: LBL (solid blue), IBL
(dashed green) and HBL (dot-dashed orange).
the UV to X-ray range can be seen, besides the overall increase in the luminosity. This is
a robust prediction of ADAF models, and reasonably representative of RIAFs in general
(?). The significant differences in the RIAF spectra among the BL Lac subclasses have key
consequences for their neutrino emission.
We now discuss the neutrino emission from BL Lacs, considering RIAFs as sources of
external target photons for pγ interactions with protons accelerated inside their jets. the
calculation follows the same lines discussed in Section ??.
1. Considering a region in the jet with radius R j = 1016 cm moving with bulk Lorentz
factor Γ j = 20, accelerated protons are injected isotropically in the jet frame with luminos-
ity L′p , distributed in energy E
′
p as a power-law with a maximum cutoff:
L′p (E
′
p )= kp E
′−n
p exp
(
−
E ′p
E ′p,max
)
; E ′p > E
′
p,min (7.6)
128 The emission of RIAF as target for neutrino emission
Type Prad Pjet m˙ L
′
p Rνµ
erg s−1 erg s−1 (10−3) erg s−1 7 yr
LBL 6.3 ·1044 6.3 ·1045 5.7 5 ·1044 1
IBL 6.3 ·1043 6.3 ·1044 0.5 4.5 ·1043 8 ·10−5
HBL 2.5 ·1043 2.5 ·1044 0.3 1.8 ·1043 8 ·10−7
Table 7.2 Radiative power, jet power, normalized accretion rate, proton power and neutrino
detection rate for the three subclasses of BL Lacs.
where, for definiteness, we set E ′p,max = 10
17 eV, E ′p,min = 3 ·10
11eV and n = 2. Heavier
nuclei are neglected.
2. The photomeson production efficiency fpγ(E ′p ) is determined by the ratio between
the dynamical timescale t ′dyn ≈R j /c and t
′
pγ(E
′
p ), the energy loss timescale for protons via
pγ interactions.
3. The neutrino luminosity L′ν in the jet frame is:
E ′νL
′
ν(E
′
ν)≈
3
8
fpγ(E
′
p )E
′
p L
′
p (E
′
p ); E
′
ν = 0.05E
′
p . (7.7)
Using the Doppler factor of the emission region δ= [Γ j (1−β j cosθ)]−1, where β j = (1−
1/Γ2
j
)1/2 and θ ≈ 1/Γ j is the viewing angle with respect to the jet axis, the luminosity of
muon neutrinos Lνµ in the observer frame is
EνLνµ(Eν)=
1
3
E ′νL
′
ν(E
′
ν)δ
4; Eν = δE
′
ν. (7.8)
Note that the factor 1/3 accounts for equipartition among the flavors due to neutrino
oscillations during propagation.
4. To evaluate t ′pγ(E
′
p ) for this work, we account for both internal synchrotron photons
from electrons accelerated in the jet, and external photons from the RIAF. For the internal
photons, we utilize the SED models for the observed non-thermal emission described
in §2, assume that it originates co-spatially with the protons and isotropically in the jet
frame, and convert the SEDs into photon density in the jet frame using δ.
The resulting neutrino spectra for each BL Lac subclass are compared in Fig. ??, which
also shows the contributions from external RIAF and internal photons separately. To
highlight the effect of the different RIAF spectra, here L′p = 10
45 erg s−1 has been fixed.
Most notably, the neutrino luminosity of LBLs at Eν ∼ 0.1-1 PeV is ∼ 4 orders of magnitude
larger than that of HBLs, primarily due to the significant difference in the density of
external RIAF photons in the soft X-ray range, which serve as the main pγ targets for
protons with Ep ∼ 2-20 PeV. We also see that while internal photons are the most prevalent
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Fig. 7.5 Neutrino spectra due to pγ interactions between protons with fixed L′p = 10
45 erg
s−1 and external RIAF photons for the three subclasses of BL Lacs: LBL (solid blue), IBL
(dashed green), HBLs (dot-dashed orange). Contributions from internal photons as pγ
targets are also shown (dotted blue, green and orange for LBL, IBL, HBL, respectively).
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pγ targets in HBLs, external RIAF photons become relatively more important in IBLs, and
completely dominate in LBLs.
More realistically, L′p is likely linked to Pjet and is expected to vary among the BL Lac
subclasses. An important test case is the BL Lac TXS 0506+056, potentially associated with
IceCube-170922A, a ∼300 TeV neutrino ?. While TXS 0506+056 may be classifiable as an
IBL from the observed νS alone, its observed luminosity is more representative of an LBL,
especially in terms of our SED classification discussed in §2. We assume that TXS 0506+056
is a typical LBL, emitting neutrinos according to our model that includes external RIAF
photons. With the measured redshift of z = 0.3365±0.0010 ? and the IceCube effective
area appropriate for the declination of TXS 0506+056 ?, its neutrino flux must be high
enough to result in at least one νµ detection during 7 years of IceCube observations in the
energy range 60 TeV - 10 PeV, roughly corresponding to uncertainty for IceCube-170922A.
This translates into a constraint on L′p for LBLs. The values for IBLs and HBLs follow by
assuming L′p ∝ Pjet. With these values of L
′
p for the different BL Lac subclasses, their
neutrino spectra can be predicted as shown in Fig. ??, together with the corresponding
SEDs of the electromagnetic emission from the jet and RIAF. Tab. ?? lists the values of L′p
and Rνµ , the neutrino detections expected in 7 years.
Compared to the case assuming constant L′p , the differences between LBLs and the
other, less luminous subclasses is naturally magnified. As above, RIAFs play a significant
role only for LBLs. In this scheme, only LBLs may be sufficiently powerful neutrino emitters
to be observationally relevant. These inferences for the RIAF model are particularly
interesting in view of the fact that the LBL TXS 0506+056 is likely the first identified source
of high-energy neutrinos, while HBLs such as Mkn 421 and Mkn 501 are yet to be detected
by IceCube, despite being conspicuous, nearby γ-ray emitters with some predictions of
detectability (e.g. ?). Although the relevant statistics is currently limited, stronger tests of
this picture through further observations are anticipated.
7.5 Discussion
We have conducted a first study of the role of RIAFs as sources of external target photons
for pγ neutrino production in BL Lacs, finding that they can be particularly relevant for the
subclass of LBLs, but less so for IBLs or HBLs. These results have interesting implications
for interpreting the potential association of IceCube-170922A with the LBL TXS 0506+056,
and the non-detections by IceCube so far of HBLs such as Mkn 421 and Mkn 501.
As an exploratory step, many simplifying assumptions were made concerning various
aspects, which deserve more detailed and comprehensive considerations in the future. We
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Fig. 7.6 SEDs for the three subclasses of BL Lacs: LBL (top), IBL (middle), HBL (bottom),
showing the electromagnetic components from the jet (solid colored) and RIAF (dot-
dashed), and the neutrino components due to internal photons (dotted), external RIAF
photons (dashed), and their sum (solid black). Note the different scales for luminosity
between the panels.
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have assumed rudimentary scaling relations between Prad, Pjet and M˙ , and fixed quantities
such as MBH for simplicity. A more realistic study obviously needs to account for the
distribution and scatter of these variables. Although our description of the non-thermal
electromagnetic emission was entirely phenomenological, more physical modelling is
warranted, including the potential effects of EC emission induced by RIAFs, hadronic
emission components triggered by pγ interactions, etc.
The simple ADAF prescription of ? that we employed can be updated with more
advanced RIAF models (?). Since the RIAF is geometrically thick, with different spatial
dependences for each of its spectral components, accurate evaluations require a more
proper treatment of the spatial and angular distribution of the RIAF photons impinging
into the jet, which can also be affected by electron scattering in the jet vicinity. Such calcu-
lations may reveal non-trivial beaming patterns for both the EC and neutrino emission,
with potentially important observational implications (see relevant discussion in ?).
Chapter 8
Conclusions
This report summarizes the work done for my PhD thesis performed in collaboration
between the University of Insubria and the National Institute for Astrophysics (INAF)-
Observatory of Brera.
In this thesis I have addressed the problem of the identification of the source(s) of
astrophysical neutrinos detected by IceCube with a specific focus on BL Lacs. The un-
derstanding of the neutrino emission (especially at the ∼ 100 TeV energy scale) within
astrophysical sources is an issue of fundamental importance to shed light on the structure
and dynamics of the source itself. Neutrinos are, in fact, able to escape from dense region,
thanks to the small cross-section, thus providing information about regions otherwise not
observable with other particles. The detection of a high-energy neutrino from a source
allows to have indirect informations about the cosmic rays sources. During the last decade
∼ 80 events above 60 TeV were detected by IceCube, a 1 km cubic detector at South Pole.
The main features of high-energy neutrino are presented in this thesis in Chapter 1.
Blazars are a subclass of active galactic nuclei (AGNs) with the relativistic jet pointing
to the Earth. They are natural accelerators of particles, as witnessed by the strong non-
thermal emission, and this makes them good candidate sources for extragalactic cosmic
rays and neutrinos at high-energy. The main features of the two subclasses of Blazars
(Flat Spectrum Radio Quasars, FSRQs, and BL Lacs) are presented in Chapter 3. The
recent detection of a muon track event by IceCube, in the direction of a flaring BL Lac
(with a chance coincidence statistically disfavoured at the level of ∼ 3σ) offers a unique
opportunity to explore the interplay between energetic photons, neutrinos and cosmic
rays in the jet (see ??, ?? and ?? for details).
The most significant results of my work concern the neutrino emission from BL Lacs.
However, I also took part in other projects focused on the characterization of Blazars. In
particular, I joined a spectroscopic campaign carried out at the 10 m Gran Telescopio
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Canarias (GTC) of a sample of 22 BL Lac objects detected (or candidates) at TeV energies,
aiming at determining or constraining their redshift (?, Chapter 3). The redshift is a
fundamental parameter for models, and then for the interpretation of the emission from
Blazars, for population studies and it is also mandatory for studying the interaction of
high-energy photons with the extragalactic background light using TeV sources.
Moreover I worked on a reconsideration of the so-called blazar sequence, that is the
trend characterising the SED of FSRQs and BL Lacs (?, Chapter 3). In particular, for the
new sequence we confirm the main results of the original blazar sequence found in ?. The
presence of a trend of the SEDs of the two subclasses of Blazars puts some constraints on
the physical proprieties of the objects and suggests an evolution from a subclass (FSRQs,
high z, high luminosity) to the other (BL Lacs, low z, less powerful than FSRQs but with
the SED peaked at higher energy).
Among the main topics of my work I started the study of BL Lacs as neutrino emitters.
Based on a simple theoretically-motivated framework inspired by the structured jet sce-
nario for these sources, we postulated a direct proportionality between the high-energy
γ-ray flux produced through the inverse Compton inside a structured jet of BL Lac and the
(hypotetical) neutrino flux. In this way, even if γ-rays and neutrinos have different origins,
their fluxes can be correlated and a neutrino flux for each BL Lac can be estimated. This
work (?) is presented in Chapter 5 with the assumption that BL Lacs account for the entire
neutrino diffuse emission. We derived the expected count rate for all BL Lacs objects of
the 2FHL Fermi catalogue (sources detected above 50 GeV), obtaining a value above 1
event per year only for few sources.
According to this scheme, the brightest γ-ray BL Lacs, such as Mkn 421, Mkn 501 or PG
1553+113, are expected to be the brightest neutrino emitters. However, the non detection
after∼ 8 years of these sources by IceCube is not in conflict with our result if one considers
the background signal coming from the same direction of the source (see ?). One of the
main assumption of ?, is to assume the 2FHL BL Lacs as the unique contributors to the
neutrino spectrum observed by IceCube. This hypothesis should be relaxed assuming
that BL Lacs contribute to only a fraction of the neutrino emission as suggested by many
authors (see e.g. ?, ?, ?).
As natural consequence of this work, we started an observational campaign for few
selected BL Lac sources aimed at identifying any similarity on the SED of BL Lac candidate
neutrino emitters (see Chapter 6, ?). In particular, from the event lists released by the
IceCube Collaboration, we selected those BL Lacs of the 2FHL catalogue alone in the
angular uncertainty of high energy starting events (HESE), or close, < 2.5◦, to the direction
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of track events. With these constraints we obtained a sample of 8 sources including TXS
0506+056, and two well known TeV sources (PG 1553+113 and 1ES 0414+009).
The analysis of the SED and the γ-ray light-curves does not highlight any common fea-
ture for the objects. In fact, even they belong to different subclasses of BL Lac (HBL, IBL or
LBL). This means that their SED is peaking at different frequency in a νL(ν) plot. Moreover,
their γ-ray light-curves do not present a significant increase of flux in correspondence of
the neutrino detection.
Starting from September 2017 I took part in the TeV observation (with the MAGIC
Collaboration), the multiwavelength analysis and the physical interpretation of the coinci-
dence event between the neutrino IC22092017A and the BL Lac TXS0506+056. With the
MAGIC Collaboration, we applied the spine-layer scenario to the SED of TXS 0506+056
founding good agreement with the observational data. The model includes the hadronic
component (cascades, proton synchrotron emission and Bethe-Heitler pair cascades)
showing that the electromagnetic SED can be explained with the leptonic component (syn-
chrotron emission from the relativistic electrons inside the spine and Inverse Compton
of the same electrons with the synchrotron radiation emitted by the layer). The electro-
magnetic component coming from the photo-meson reaction interacts inside the jet and
produces a cascade at lower energy. It can be significant at low energies (UV-X-ray band,
through Bethe-Heitler emission and through cascade, see Section ?? and Figure ??) or at
high-energy (TeV band, through cascade, see Figure ??).
From the model of TXS 0506+056 the important role of the X-ray band came up. In
fact, in this band there are both hadronic and leptonic contributions. The slope of the
continuum in this spectral region can suggest which contribution is dominant; for example
a flat shape suggests an hadronic dominant emission (through Bethe-Heitler emission or
photo-meson cascades). In other words, the X-ray band becomes relevant to distinguish
the hadronic or leptonic emission. Except for ? that considers the pp channel to model
the SED of TXS 0506+056, other models agree on the lepto-hadronic view of the emission.
The non detection of neutrinos associated to the brightest BL Lacs such as Mkn 421 or
Mkn 501 starts to put some constraints on the neutrino emission models. As reported in
Chapter 6 there are no clear evidences of a neutrino emission from these BL Lacs. These
sources have the second peak of the SED at high-energy (above 50 GeV); for this reason it
is natural to expect a large neutrino rate because their capability to reach high-energy in
the electromagnetic spectrum. On a first approximation, the expected neutrino flux is at
the same level of the γ-ray peak, that corresponds to a factor ∼ 10 of the TXS 0506+056.
This puts some constraints on the expected neutrino flux from HBL objects. We
developed an alternative scenario to justify the neutrino emission from sources TXS-like
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(LBL/IBL) that at the same time penalises the neutrino emission from HBL objects. In this
alternative model the photon target involved in the pγ reaction comes from the accretion
flow (see Chapter 7, ?).
The accretion flow for BL Lac is considered inefficient due to the weak or absent
emission lines. A confirmation of this idea is given by the inferred radiatively inefficient
accretion rate for FR-I radiogalaxies, that in the unification scheme are considered the
misaligned version of BL Lacs. From the relation between the BLR luminosity and the
disc luminosity (e.g. ?, ?), it can be concluded that the accretion flow is not the optically
thick and geometrically thin disc usually expected (?), but an accretion flow radiatively
less efficient. In particular ? suggested that at low accretion rate m˙, the accretion flow
becomes radiatively inefficient, optically thin and geometrically spheric, the so-called
Advection Dominated Accretion Flow (ADAF) solution. The structure and the emission
of the ADAF is described in Chapter 7. The main feature is the strong dependence of the
emission in the UV-soft-X band on the accretion rate.
Our work discusses the possibility that the population of photons involved in the pγ
interaction come from the ADAF region. Dividing the BL Lac detected with Fermi into the
different subclasses (LBL, IBL and HBL)1, we obtain a different accretion rate for each sub-
class and then a different ADAF spectrum. We found that the radiation field of the ADAF is
potentially dense enough to dominate the neutrino production in the case of low-energy
peaked BL Lacs. For highly-peaked BL Lacs (comprising the famous high-energy γ-ray
emitters Mkn 421 and Mkn 501) the contribution of the ADAF is instead comparable or
smaller than that of the local radiation field of the jet and thus too low to allow powerful
neutrino emission.
The general status and results can be with the following points:
• Blazar objects are potential sources for high-energy neutrinos. Their jet pointing
to us is a natural accelerator of particles and the presence of radiation at all fre-
quencies, in particular in the UV-soft-X band, produced inside the jet itself or in the
environment, allows the pγ interaction and then the neutrino emission.
• Despite the fact that they have been often considered poor neutrino emitters, a
major role for BL Lacs, a subclass of Blazars, was argued in ?, ? and ?, based on the
possibility that their output is boosted by the presence of a structured jet, in which
the slow external portions of the jet provide the main target for the photo-meson
reactions.
1It is common also the expression LSP, ISL and HSP BL Lacs.
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• While the above works considered BL Lacs as the main neutrino emitters, it is more
plausible that they contribute to a fraction of the entire neutrino diffuse emission
detected by IceCube. (e.g. ?, ?)
• The detection of a neutrino event in spatial and temporal coincidence with the
flaring BL Lac TXS 0506+056 strengthen the case for BL Lac to be contributors
of the neutrino diffuse intensity. The common feature that comes up from the
models of the SED of this source is that the high-energy electromagnetic emission is
dominated by leptonic emission (Inverse Compton), while the radiation emitted
via hadronic processes (Bethe-Heitler cascade, synchrotron by relativistic protons
and cascade of photo-meson reaction) is not relevant. The reprocessed hadronic
component can come up in the X-ray band (between the two peaks of the SED) and
at high-energy (TeV band). The shape of the X-ray spectrum could give information
on the relative role of leptonic and hadronic processes.
• The absence of a clear detection of neutrinos associated to HBL objects (the brightest
γ-ray BL Lacs), points out the problem of the emission processes inside BL Lac
objects. The ADAF scenario proposed in ? is a valid alternative to explain the
neutrino emission from TXS-like sources and, at the same time, to disfavour the
emission from HBL sources.
• One of the possible extensions of my works is a deeper investigation of the candidate
sources. Blazars are expected to contribute only ∼ 20% of the entire neutrino diffuse
emission, the association of September 22 2017 between a track and a BL Lac is
the only coincidence with a significance above 3σ. Then other candidate BL Lac
sources TXS-like can be searched in the new Fermi catalogues, such as the 3FHL
that contains all the sources detected in the range 10 GeV - 2 TeV in the first 7 years
of data taking.
• Another important issue which could be reconsidered is the jet composition.While
in the previous chapters we focused on the role of the photon target population, we
cannot exclude that the differences among the BL Lacs are related to the hadrons. In
fact a theoretical study on the proton acceleration mechanism or the proton-lepton
ratio inside the jet and their dependence on the jet type, can be performed in order
to give an alternative interpretation of the non-detection of neutrinos from HBL
sources.
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